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A b s tra c t
A s tu d y  o f  th e  b e h av io u r o f  enzymes a t  th e  a i r - w a te r  
i n t e r f a c e  has been  conducted  i n  th r e e  s ta g e s ,  v iz .
( i )  developm ent o f  a p p a ra tu s  and te c h n iq u e ,
( i i )  p r e l im in a ry  s tu d y  o f  a  wide range  o f  enzymes,
( i i i )  d e ta i l e d  s tu d y  o f  a l im i te d  range  o f  enzymes.
The f i r s t  two s ta g e s  have been  com pleted , w ith  
m easurem ents o f  p r e s s u r e - a r e a  r e l a t i o n s h i p s  o f  enzyme 
f i lm s  i n  th e  p re se n c e  and absence  o f  s p e c i f i c  s u b s t r a t e s ,  
to g e th e r  w ith  a s s o c ia te d  m easurem ents o f  v i s c o e l a s t i c i t y  
and s u r fa c e  p o t e n t i a l .
An a p p a ra tu s  i s  d e s c r ib e d , w hich has en ab led  m ost 
o f  th e  p r a c t i c a l  re q u ire m e n ts  to  be s a t i s f i e d .
That u s e fu l  s tu d ie s  can be made o f  th e  e f f e c t s  o f  
s p e c i f i c  a g e n ts  such  as s u b s t r a t e s ,  coenzymes and m e ta l 
io n  a c t iv a t o r s ,  on th e  fo rm a tio n  and p r o p e r t i e s  o f  
enzyme f i lm s  has b een  shown.
T his e x p lo ra to ry  i n v e s t i g a t io n  was concerned  w ith  
th e  e s ta b lis h m e n t o f  th e  p r i n c i p l e s  a cc o rd in g  to  w hich 
more p r e c i s e  r e s e a r c h  on s p e c i f i c  c h a r a c t e r i s t i c s  o f  
enzymes m igh t be c a r r ie d  o u t .  The fo rm a tio n  and 
p r o p e r t i e s  o f  s u r fa c e  f i lm s  o f  many enzymes have n o t 
been  a f f e c te d  by th e  p re se n c e  o f  t h e i r  s u b s t r a t e s .
Such enzymes in c lu d e  th e  p r o te in a s e s ,  t r y p s i n ,  ch;^mio- 
t r y p s in  and p e p s in -  In  o th e r  c a se s  such  as a ld o la s e ,  
tr io s e p h o s p h a te  dehydrogenase , s u b s t r a t e s  and coenzymes 
g r e a t ly  s t a b i l i s e  th e  t e r t i a r y  s t r u c tu r e  o f  th e  p r o t e in
-  -
a g a in s t  s u r fa c e  d é n a tu r a t io n .  When form ed th e s e  f i lm s  
may show p h y s ic a l  ev idence  o f  th e  p e r s i s te n c e  o f  com plexes 
i n  t h e i r  s t r u c tu r e .  I t  i s  p o s s ib le  from  o b s e rv a t io n s  o f  
change i n  sp re a d in g  r a t e  o r  v i s c o - e l a s t i c i t y ,  to  e s t im a te  
v a lu e s  f o r  th e  d i s s o c i a t i o n  c o n s ta n ts  o f  some o f  th e s e  
com plexes.
A f a c t  n o t p re v io u s ly  re c o rd e d  i s  t h a t  many enzymes, 
e s p e c ia l ly  th o se  o f  th e  e x t r a c e l l u l a r  c la s s  ( e .g .  
c a t a l a s e ,  r ib o n u c le a s e )  show c o n s id e ra b le  r e s i s t a n c e  
to  su r fa c e  d é n a tu ra t io n .
.-î L " r ,  ,
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INTRODUCTION
As an u n d e rg ra d u a te , th e  a u th o r ,  l iv e d  c lo s e  by  th e  
pond on Clapham Common, so u th  London, where a lm ost two 
hundred y e a r s  e a r l i e r  Benjam in F ra n k lin  (1774) c a r r i e d  
o u t ,  p ro b a b ly  th e  f i r s t  m onolayer o b s e rv a t io n s  by n o t in g  
th e  calm ing e f f e c t  o f  a  te a s p o o n fu l  o f  o i l  on th e  
d is tu rb e d  w a te r . A lthough  th e  f u l l  s ig n i f ic a n c e  o f  h i s  
r e p o r t  was n o t  im m ed ia te ly  r e a l i s e d ,  s u r fa c e  c h e m is try  
and m onolayer s tu d ie s  have s in c e  produced  many c l a s s i c a l  
e x p e rim e n ts .
In  1878, Gibbs p u b lis h e d  h i s  therm odynam ic a n a ly s i s  
o f  a b s o rp t io n  and s u r fa c e  t e n s io n  e f f e c t s  and in  1891, 
P r a u le in  P o c k e ls  d e sc r ib e d  a method o f  m a n ip u la tin g  
su r fa c e  f i lm s  betw een b a r r i e r  s l i d e s  l a i d  a c ro s s  th e  to p  
o f  a tro u g h , b r im fu l o f  w a te r . A decade l a t e r ,  R a y le ig h  
(1899) p roposed  t h a t  such  f i lm s  were o n ly  one m olecu le  
t h ic k ,  and so th e  fo u n d a tio n  o f  m onolayer s tu d ie s  was 
l a i d  f o r  th e  tw e n t ie th  c e n tu ry  i n v e s t i g a t o r s .
In  1917 9 I rv in g  Langmuir developed  b o th  th e  e ]cp eri-  
m en ta l and t h e o r e t i c a l  c o n ce p ts  upon w hich th e  modern 
u n d e rs ta n d in g  o f  th e  b e h av io u r o f  m o lecu les  i n  in s o lu b le  
m onolayers r e s t s .  H is s tu d ie s  on long  c h a in  f a t t y  a c id s ,  
to g e th e r  w ith  h i s  id e a s  on m o le c u la r  s iz e  and sh ap e , le d  
to  th e  r e a l i s a t i o n  t h a t  th e s e  m o le c u le s , w hatever th e  
le n g th  o f  th e  c h a in , had th e  same c r o s s - s e c t io n a l  a re a  
and hence , t h a t  f i lm  th ic k n e s s  would r e f l e c t  th e  change 
i n  c h a in  le n g th .  He co n clu d ed , t h a t ,  n o t o n ly  were th e
— 8 —
f i lm s  one m o lecu le  th ic k ,  h u t t h a t  a t  th e  a i r - w a te r  
i n t e r f a c e s ,  th e  c o n s t i tu e n t  m o lecu le s  were o r i e n t a t e d ,  
w ith  th e  p o la r  f u n c t io n a l  group immersed i n  th e  w a te r  
and th e  lo n g  n o n -p o la r  c h a in  d i r e c te d  n e a r  v e r t i c a l l y  
up from  th e  s u r f a c e .  For th e s e  m easurem ents he d e v ised  
th e  ' s u r fa c e  b a la n c e  ' w hich i s  to d ay  known by h i s  name, 
so t h a t  d i r e c t  re a d in g  o f  'd i f f e r e n t i a l  s u r fa c e  t e n s io n ' 
o r  ' s u r fa c e  p r e s s u r e ' was p o s s ib le .  The id e a s  on m ole­
c u la r  o r i e n t a t i o n  and s h o r t  range  m o le c u la r  f o rc e s  were 
developed  r a p id ly ,  b o th  by Langmuir and in d e p e n d e n tly  
by H ark ins e t  a l .  (1917)- These men a ls o  d em o n stra ted  
th e  s t r u c t u r a l  p r i n c i p le s  o f  m onolayers and th e re b y  
e s ta b l is h e d  a b a s i s  f o r  th e  u n d e rs ta n d in g  o f  th e  wide 
v a r i a t i o n s  i n  f i lm  p r o p e r t i e s .
D uring th e  n e x t two decades an e x p lo s io n  o f  mono­
la y e r  s tu d ie s  to o k  p la c e ,  w ith  i t s  re le v a n c e  to  s tu d ie s  
o f  shape and s iz e  o f  m o lecu le s  and to  t h e i r  p h y s ic a l  and 
chem ical b e h a v io u r a t  phase  b o u n d a rie s . Adam (1 9 2 6 ), i n  
p a r t i c u l a r ,  added h i s  own re f in e m e n ts  to  th e  Langmuir 
a p p a ra tu s  and s tu d ie d  a wide range  o f  m a te r ia l s  upon 
w hich he su b m itted  a w e a lth  o f  p a p e rs . Langm uir, 
S c h a e fe r  and K a th e rin e  B lo d g e tt  were v e ry  a c t iv e  i n  
A m erica, a s  were R id ea l and Schulman and many co -w orkers 
i n  Cam bridge. Devaux and M a rce lin  were s t i l l  p ro d u c in g  
good r e s u l t s  i n  France where D e rv ic h ia n , G u a s ta l la  and 
J o ly  were a ls o  d ev e lo p in g  t h e i r  s tu d ie s .
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S ince 1945 th e  a c t i v i t y  i n  t h i s  f i e l d  has been  on 
a  reduced  s c a le .  N e v e r th e le s s  w ith  th e  in c re a s e  i n  u n d e r­
s ta n d in g  o f  c e l l  s t r u c tu r e  and i t s  invo lvem en t o f  b io ­
l o g i c a l  i n t e r f a c e s  o f  many fo rm s, th e  im portance  o f  
m onolayer s tu d ie s  has been  r e v i t a l i s e d .  I n v e s t ig a t io n s  
n o t o n ly  a t  th e  a i r - w a te r  i n t e r f a c e ,  b u t  a ls o  a t  th e  o i l -  
w a te r  i n t e r f a c e ,  a re  b e in g  p u rsu ed  u s in g  an e v e r  in c r e a s ­
in g  v a r i e ty  o f  b io lo g ic a l  m a te r i a l s ,  from  v i r u s e s  to  
v ita m in s . B io lo g ic a l ly  v a lu a b le  s t e r o id s ,  and o th e r  
n a tu r a l  p o ly c y c l ic  compounds a re  b e in g  s tu d ie d  as  th e  
im portance  o f  o r i e n t a t i o n  and co n fo rm atio n  i s  a p p re c ia te d .  
The r e a l i s a t i o n  o f  m acrom olecu lar c o n f ig u ra t io n s  such  as 
c o i l s  and h e l i c e s  has le d  to  th e  developm ent o f  i n t e r f a c e  
r e s e a r c h  b o th  w ith  sim ple  p o lym ers, s y n th e t ic  p o ly p e p tid e s  
and th e  complex n a tu r a l  po lym ers. P erhaps o f  g r e a t e r  
im portance  th a n  th e  s tu d y  o f  s i z e ,  sh ap e , m o le cu la r  
o r i e n t a t i o n  and f i lm  s t r u c tu r e  i s  th e  a c t iv e  i n t e r a c t i o n  
o f  th e s e  f i lm s  b o th  c h e m ic a lly  and p h y s ic a l ly  w ith  t h e i r  
env ironm ent.
P r o te in  f i lm  s tu d y  was i n i t i a t e d  by G o rte r (1926,
1941), and fo llo w ed  up by H a rk in s , Langmuir and S c h a e fe r
(1958) and developed  by B u ll (1958) and many o th e r s .
S u rface  d é n a tu ra t io n  o f  a  p r o t e in  i s  a s p e c i f i c  a s p e c t
o f  p r o t e in  d é n a tu ra t io n  w hich c o n s t i t u t e s  one o f  th e  m ost 
i n t e r e s t i n g  and complex c la s s e s  o f  r e a c t io n s  to  c h a lle n g e  
th e  ch em is t. D é n a tu ra tio n  s tu d ie s  p ro v id e  one means o f  
i n v e s t ig a t in g  p r o t e in s ,  b u t ,  a s  em phasised by Kauzmann
(1959) th e  vagueness o f  t h i s  te rm  has n o t  l im i te d  i t s  s tu d y ,
-  10 -
He d e f in e s  d é n a tu ra t io n  a s  a  p ro c e s s  (o r  sequence o f  
p ro c e s s e s )  i n  w hich th e  s p a t i a l  a rrangem en t o f  th e  
p o ly p e p tid e  c h a in s  w ith in  th e  m olecu le  a re  changed 
from  t h a t  t y p ic a l  o f  th e  n a t iv e  p r o t e in  to  a  more 
d is o rd e re d  a rran g em en t. The te rm s c o n f ig u ra t io n ,  
c o n fo rm atio n  and s t a t e  o f  f o ld in g  can he s u b s t i tu t e d  
f o r  s p a t i a l  a rrangem ent i n  t h i s  d e f i n i t i o n .  Kauzmann 
a ls o  em phasises t h a t  d é n a tu r a t io n  i s  a  p ro c e s s  i n  w hich 
a  c o n s id e ra b le  number o f  th e  lo o s e r  p r o t e in  l in k a g e s  
a re  b roken  i n  an ' a l l  o r  n o n e ' way i n  p ro g re s s in g  from  
th e  n a t iv e  to  th e  d e n a tu red  s t a t e .  A c le a r  d e f i n i t i o n  
canno t be made due to  th e  la c k  o f  knowledge o f  p r o t e in  
s t r u c tu r e ,  b u t  th e  p ro c e s s  does in v o lv e  changes i n  
seco n d ary  and t e r t i a r y  s t r u c tu r e s .
E a r ly  p r o t e in  f i lm s  were u s u a l ly  form ed ov er such  
la rg e  a re a s  t h a t  th e  v e ry  d i lu t e  c o n c e n tra t io n s  c o r r e s ­
ponded to  gaseous f i lm s .  I t  i s  now known in d e e d , t h a t  
th e  r e l a t i o n s h ip  betw een s u r fa c e  p re s s u re  and a re a  can 
be de te rm ined  by a  tw o -d im en sio n a l gas e q u a t io n ,
(G u a s ta l la  1959). T h is im p lie s  a  m inim al i n t e r a c t i o n  
betw een th e  abso rbed  m o le c u le s , b u t on com pression  th e s e  
f i lm s  d em o n stra te  a marked in c re a s e  i n  s u r fa c e  p re s s u re  
once th e  a re a  has been  reduced  to  abou t 1 . 0 m  /mg. I t  
was concluded t h a t  th e  f i lm s  became c lo s e  packed , and 
t h a t  f i lm  th ic k n e s s  was e q u iv a le n t  to  t h a t  o f  a  sim ple  
p o ly p e p tid e  c h a in , (B u ll 1947). The p r o te in s  have th u s  
u n fo ld ed  so t h a t  in d iv id u a l  p o ly p e p tid e  c h a in s  a re  
o r i e n t a t e d ,  ap p ro x im a te ly  f l a t  i n  th e  p la n e  o f th e  su rfa c e .
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The com pleteness o f sp re a d in g  i s  in f lu e n c e d  hy a  number 
o f  f a c t o r s ,  such  as th e  c o n c e n tra t io n  and s o lv e n t  o f  th e  
sp re a d in g  s o lu t io n ,  th e  amount o f  p r o t e in  added p e r  u n i t  
a r e a ,  th e  co m p o sitio n  o f  th e  subphase and f i n a l l y  th e  
n a tu re  o f  th e  p r o te in  and th e  tim e a llow ed  f o r  s p re a d in g . 
Many p r o te in s  w i l l  sp read  w e ll on a  d i l u t e  b u f f e r  
s o lu t io n  w hich has a  pH c lo s e  to  th e  i s o - e l e c t r i c  p o in t  
o f  th e  p r o te in .  S p read ing  r a t e  o r  r a t e  o f  f i lm  fo rm a tio n  
d e te rm in e  th e  s u r fa c e  p r e s s u r e - a r e a  r e l a t i o n s h ip  c h a r a c te ­
r i s e d  by th e  ' l i m i t i n g '  a re a .
O ther f i lm  c h a r a c t e r i s t i c s  can be m easured , such  as 
f i lm  v i s c o - e l a s t i c i t y  and V o lta  p o t e n t i a l .  S u rface  rh e o -  
lo g y  has n o t been  e x te n s iv e ly  in v e s t ig a te d  a lth o u g h  
v i s c o s i ty ,  th e  r e s i s t a n c e  to  flow  under an a p p lie d  s t r e s s  
i s  a  f a m i l i a r  p ro p e r ty  o f  m a t te r  i n  b u lk . In  th e  un­
con tam ina ted  s u r fa c e s  o f p u re  l i q u i d s ,  th e  ex cess  
r e s i s t a n c e  above and beyond t h a t  i n  th e  b u lk  phase  i s  
v e ry  sm a ll. In  th e  p re se n c e  o f  co n tam in an ts  such  a s  an 
in s o lu b le  m onolayer, i t  can become s i g n i f i c a n t .  T h is  
d i f f e r e n c e  can produce a  number o f  co m p lica ted  e f f e c t s ,  
th e  dynamic b eh av io u r o f  f l u i d  i n t e r f a c e s  in v o lv in g  b o th  
s u r fa c e  rh e o lo g y  and hydrodynam ics.
Gibbs (1948) p o in te d  o u t t h a t  th e r e  i s  an e l a s t i c i t y  
a s s o c ia te d  w ith  a l iq u id  f i lm  i f  th e  s u r fa c e  te n s io n  
v a r i e s  w ith  th e  a re a  o f  th e  s u r f a c e ;  f o r  a  t h in  l iq u id  
f i lm  o f  a re a  s th e  G ib b 's  e l a s t i c i t y  i s  g iv e n  by
E = 2s d V
ds
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Such a  v a r i a t i o n  may a r i s e  under e q u il ib r iu m  c o n d it io n s  
w ith  an in s o lu b le  m onolayer. The e q u il ib r iu m  e l a s t i c i t y  
i s  r e l a t e d  to  th e  c o m p re s s ib i l i ty  o f  th e  m onolayer w hich 
i s  u s u a l ly  d e f in e d  as
c® = -1_ A)
A ('c)Tr)T
where A i s  th e  m o le cu la r  a re a  i n  th e  f i lm  and th u s  can 
be c a lc u la te d  from  th e  p r e s s u r e - a r e a  cu rv e .
Thus th e  c o m p re s s ib i l i ty  o f  a  c le a n  s u r fa c e  i s  o f  
co u rse  i n f i n i t e  i . e .  th e  Gibbs e l a s t i c i t y  i s  z e ro .
When th e r e  i s  s u f f i c i e n t  s u r fa c e  m a te r i a l ,  th e  e q u i l i ­
brium  Gibbs e l a s t i c i t y  i s  a ls o  z e ro , s in c e  th e  e q u i l i ­
b rium  su r fa c e  te n s io n  i s  f ix e d  by th e  c o n c e n tra tio n  o f 
th e  s o lu t io n  and does n o t v a ry  w ith  th e  s u r fa c e  a re a .
There may, how ever, be a n o th e r  component o f  Gibbs 
e l a s t i c i t y  w hich i s  tim e dependen t. I f  th e  s u r fa c e  a re a  
i s  a l t e r e d  a t  some f i n i t e  r a t e ,  th e  s u r fa c e  la y e r  may n o t 
a d ju s t  to  i t s  e q u il ib r iu m  c o n f ig u ra t io n  r a p id ly  enough to  
m a in ta in  th e  e q u il ib r iu m  s u r fa c e  te n s io n .  For in s o lu b le  
m onolayers t h i s  means t h a t  tim e-d ep en d en t r e l a x a t io n  
p ro c e s s e s  may e x i s t  and cou ld  be m a n ife s te d  as  a  com pression  
r a t e  dependant h y s te r e s i s  i n  a co m p ress io n -ex p an sio n  c y c le  
o f  su r fa c e  p r e s s u r e - a r e a  m easurem ent o r  as  an ’a g e in g ’ 
e f f e c t .
In  a d d i t io n  to  th e  r e s i s t a n c e  to  d e fo rm a tio n  in v o lv in g  
ex p an sio n  o r  c o n tr a c t io n  o f  th e  su r fa c e  a  f i lm  may p o s s e s s  
a r e s i s t a n c e  to  flow  o r  sh e a r  i n  th e  p la n e  o f  th e  s u r fa c e
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a t  c o n s ta n t  a re a  and s u r fa c e  p re s s u re -  The r h e o lo g ic a l  
p r o p e r t i e s  o f  su r fa c e  la y e r s  a re  ana logous to  th o se  o f  
m a tte r  i n  h u lk . Some f i lm s  behave as sim p le  l i q u i d s ,  
w hich flow  as soon as sh e a r  s t r e s s  i s  a p p lie d . These 
f i lm s  may be Newtonian o r  non-N ew tonian. Some f i lm s  
a re  tw o -d im en sio n a l s o l id s  e .g .  p r o t e in  f i lm s  a f t e r  
g e la t io n ,  and can deform  e l a s t i c a l l y ,  b e in g  c h a ra c te ­
r i s e d  by a s e t  o f  e l a s t i c  m odu li. In  th e  ev en t o f  
th e r e  b e in g  a n is o tro p y  i n  th e  p la n e  o f  th e  s u r f a c e ,  
such  as has been  d e te c te d  in  t r y p s in  f i lm s  (C h ap te r 
Two), i t  w i l l  be n e c e s sa ry  to  have a s e p a ra te  s e t  o f  
c o n s ta n ts  to  d e s c r ib e  th e  b e h a v io u r i n  each  d i r e c t i o n .  
T schoegl (1 9 5 8 ), has d is c u s se d  th e  r e l a t i o n s h i p s  b e t ­
ween th e  s u r fa c e  e l a s t i c  c o n s ta n ts .
F in a l ly  f i lm s  may e x h ib i t  complex v i s c o e l a s t i c  
b e h av io u r i n  w hich flow  b e h av io u r i s  a  com b ination  o f  
v is c o u s  and e l a s t i c  com ponents. In  p r a c t i c e  th e  
s e p a ra t io n  o f  th e s e  in h e re n t  su r fa c e  c h a r a c t e r i s t i c s  
from  th e  flo w  due to  th e  v i s c o s i ty  o f  th e  b u lk  phase  i s  
a  m a tte r  o f  c o n s id e ra b le  d i f f i c u l t y .  Hence when r e l a t i n g  
flow  p r o p e r t i e s  o f  a  f i lm  to  th e  m o le c u la r  n a tu re  o f  th e  
f i lm  i t s e l f ,  e l im in a t in g  o r  c o r r e c t in g  f o r  th e  e f f e c t s  
i n  th e  subphase , i s  o f  prim e im p o rtan ce .
At th e  i n te r f a c e  betw een a  p o la r  l i q u i d ,  such  as  
w a te r , and some o th e r  p h a se , th e r e  w i l l  be a  ten d en cy  
f o r  m o lecu les  n e a r  th e  l iq u id  su r fa c e  to  be o r i e n ta t e d  
p ro d u c in g  an unsym m etrica l f i e l d  n e a r  th e  s u r f a c e .
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An a l t e r a t i o n  in  th e  system  w hich changes th e  e x te n t  o f  
th e  m o le c u la r  o r i e n t a t i o n ,  o r  th e  in t r o d u c t io n  o f  o th e r  
p o la r  o r  charged  s p e c ie s  e .g .  m e ta l io n s ,  a lc o h o l m ole­
c u le s  w i l l  change th e  n a tu re  o f  t h i s  f i e l d .  Such i s  
th e  case  when an in s o lu b le  m onolayer i s  sp read  on a 
l iq u id  s u r fa c e .
An e x p e r im e n ta lly  d e te rm in a b le  m easure o f  t l i i s  e f f e c t  
i s  th e  V o lta  p o t e n t i a l ,  b e in g  d e f in e d  as th e  p o t e n t i a l  
o f a p o in t  im m ed ia te ly  o u ts id e  th e  p h a s e , i . e .  th e  work 
r e q u ire d  to  b r in g  a u n i t  charge  from  i n f i n i t y  j u s t  up to ,  
b u t  n o t i n to ,  th e  p h a se . The V o lta  p o t e n t i a l  d i f f e r e n c e  
a t  a phase  boundary  i s  th e  d i f f e r e n c e  betw een th e  V o lta  
p o t e n t i a l s  o f  th e  two p h a se s , som etim es c a l le d  th e  
'c o n ta c t '  o r  's u r f a c e ' p o t e n t i a l .  Thus th e  s u r fa c e  
p o t e n t i a l  o f  a  m onolayer i s  th e  change i n  V o lta  p o t e n t i a l  
d i f f e r e n c e  w hich i s  p roduced  when a  f i lm  i s  in tro d u c e d  
a t  an i n i t i a l l y  c le a n  in t e r f a c e .  At th e  a i r - w a te r  i n t e r ­
fa c e  r e d i s t r i b u t i o n  o f  ch a rg es  canno t o ccu r and th e  V o lta  
p o t e n t i a l  d i f f e r e n c e  i s  e q u iv a le n t  to  th e  p o t e n t i a l  
d i f f e r e n c e  a c ro s s  th e  perm anent double  la;}'er.
A ll known enzymes a re  p r o te in s  w ith  th e  a b i l i t y  to  
c a ta ly s e  chem ical r e a c t io n s .  Enzyme f i lm s  have o n ly  been  
s tu d ie d  to  a l im i te d  d e g re e . A r e c e n t  su rv ey  by James 
and A u g en ste in  (1966) g iv e s  a  c o m p ila tio n  o f  in fo rm a tio n  
a v a i la b le  re g a rd in g  enzymes and th e  p h y s ic a l  n a tu re  o f 
t h e i r  a d s o rb t io n  o r  th e  b io lo g ic a l  e f f e c t s  o f  a d s o rb t io n  
a t  v a r io u s  ty p e s  o f  i n t e r f a c e s .  Enzymes have n o t been  
s tu d ie d  u nder c o n d it io n s  re sem b lin g  t h e i r  c e l l u l a r  env iron -
-  15 -
ment and, g e n e r a l ly ,  f o r  ease  o f  ex p erim en t, d i l u t e  
aqueous c o n d it io n s  have been  u sed . Most enzymes fu n c t io n  
e i t h e r  in  a g e l - l i k e  environm ent o r  a t  an i n t e r f a c e  o r  
i n  a c tu a l  s o l id  s t a t e  assem blages such  as e x i s t  i n  th e  
m ito ch o n d rio n . R a re ly  do th e y  f u n c t io n  i n  c o n d it io n s  
ap p ro ach in g  a d i l u t e  aqueous s o lu t io n  ex cep t p e rh a p s  th e  
e x t r a c e l l u l a r  enzymes such as  p e p s in  and t r jp ) s in .
H ost o f  th e  i n t e r f a c i a l  s tu d ie s  o f  enzymes have in v o lv e d  
f i lm s  a t  th e  a i r - w a te r  i n t e r f a c e .  They have been  con­
cerned  w ith  th e  p ro c e s s e s  o f  a d s o rb t io n  o r  d e te rm in a tio n  
o f  m o le c u la r  w eigh t r a t h e r  th a n  as  an i n v e s t i g a t io n  o f  
th e  in f lu e n c e s  a f f e c t in g  b io lo g ic a l  a c t i v i t y .  James 
and A u g en ste in  s t a t e  t h a t  o n ly  abou t t h i r t y  s tu d ie s  o f 
th e  e f f e c t  o f  a d s o rb t io n  on enzymic a c t i v i t y  have been  
c a r r ie d  o u t a t  l i q u i d - l i q u i d  o r  l i q u i d - s o l i d  i n t e r f a c e s  
and t h a t  t h i s  i s  p a r t i c u l a r l y  u n fo r tu n a te  s in c e  e le c t r o n  
m icroscope s tu d ie s  in d ic a te  t h a t  c e l l s  a re  p r im a r i ly  a 
c o l l e c t io n  o f  i n t e r f a c e s  and membranes. There a re  hence 
g r e a t  gaps i n  ou r knowledge o f  th e  b e h av io u r o f  enzymes 
under what m ust be b io lo g ic a l ly  s i g n i f i c a n t  c o n d it io n s .  
I n t e r e s t  m ust c e n tre  around s tu d ie s  i n  s i t u  o f  th e  a c t i v i t y  
o f  enzymes o r  o th e r  m o lecu les  i n  th e  adso rbed  s t a t e .
However i t  i s  ex trem e ly  d i f f i c u l t  i n  p r a c t i c e  to  malce 
a c c u ra te  a c t i v i t y  m easurem ents owing to  th e  p o s s i b i l i t y  
o f  c o n ta m in a tio n  from  u nsp read  m o le c u le s . The a l t e r n a t iv e  
o f  re c o v e r in g  th e  sp read  m a te r ia l  can induce  f u r t h e r  
a l t e r a t i o n s  to  p r o t e in  s t r u c tu r e  o r  r e v e r s e  th e  i n t e r ­
f a c i a l  e f f e c t s ,  th u s  g iv in g  m is le a d in g  r e s u l t s .  These 
d i f f i c u l t i e s  have le d  to  many p u b lis h e d  r e s u l t s  where 
th e  deg ree  o f  u n fo ld in g  o f  th e  p r o t e in  m o lecu le s  o r  th e
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e x a c t n a tu re  o f  th e  f i lm  fo rm a tio n  i s  n o t  c l e a r l y  s t a t e d .  
T h is i n  tu r n  has le d  to  c o n s id e ra b le  argum ent a s  to  
w hether enzyme a c t i v i t y  i s  i n  f a c t  l o s t  d u rin g  u n fo ld in g .
I t  was su g g ested  by th e  work o f  Cheesman, K e e le r  
and S ten-K hudsen (1959) t h a t  th e  e n z y m e -su b s tra te  
i n t e r a c t io n s  may be s tu d ie d  v ia  th e  changes th e y  p roduce  
i n  th e  p r o p e r t i e s  o f  enzyme s u r fa c e  f i lm s .  The above 
r e s u l t s  le d  us to  c o n s id e r  a s e r i e s  o f  m onolayer s tu d ie s  
u s in g  enzymes w ith  a  wide range  o f  m o le c u la r  p r o p e r t i e s ,  
and, where p o s s ib le ,  known r e a c t io n  m echanism s. These 
ex p erim en ts  were d esig n ed  to  s tu d y  th e  in f lu e n c e  o f  
s u b s t r a te  m o lecu les  on enzyme f i lm s  and th e  e f f e c t  o f  
c o - f a c to r s  on th e  f i lm s  o r  on th e  f i lm -s u b s t r a t e  
i n t e r a c t io n s .  These in f lu e n c e s  o r  e f f e c t s  i f  d e te c te d  
w i l l  be e x p re ssed  as Ky v a lu e s  i . e .  r e a c ta n t  c o n s ta n t  
f e r  - th e' e q u il ib r iu m  ( d i s s o c ia t io n )  c o n s ta n t  o f  th e  
r e a c t io n  E + b = Eb where E i s  th e  enzyme f i lm . _ T his 
i s  n o t  to  be confused  w ith  th e  'M ic h a e lis  c o n s ta n t ' K^ 
w hich r e p r e s e n ts  th e  s u b s t r a te  c o n c e n tr a t io n  when th e  
r a t e  o f  r e a c t io n  i s  h a l f  th e  maximum r a t e  o f  enzyme 
r e a c t io n .
L a t t e r l y ,  s tu d ie s  have been  made on th e  su r fa c e  and 
m icroenv ironm ent o f  enzymes w ith  th e  a id  o f  'p ro b e s ' such  
as s o lv e n t m o le c u le s , f lu o r e s c e n t  m o lecu les  and h ig h ly  
s p e c i f i c  r e a c t a n t s  w hich cou ld  c o n c e iv a b ly  be used  i n  
f i lm  s tu d ie s .  These su r fa c e -c h e m ic a l  ex p erim en ts  m igh t 
e s t a b l i s h  p r i n c i p le s  e n a b lin g  l e s s  w e ll known enzymes to  
be s tu d ie d  once th e y  a re  a v a i la b le  w ith  re a so n a b le  p u r i t y .
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A th r e e  phase  programme was e n v isag ed ; 
f i r s t l y ,  th e  d e s ig n  and c o n s t ru c t io n  o f  a p p a ra tu s  
to  p e rm it th e  s tu d y  o f  enzyme f i lm s  under c o n tro l le d  
c o n d it io n s  ;
seco n d ly , th e  p re l im in a ry  i n v e s t i g a t io n  o f  a s  
wide a  v a r i e ty  o f  enzymes as  p o s s ib le ,  to g e th e r  w ith  
improvement o f  te c h n iq u e s  em ployed, and
f i n a l l y  th e  ex tended  s tu d y  o f  in d iv id u a l  enzymes 
o r  enzyme g roups u s in g  th e  so d e te rm ined  p r i n c i p l e s .  
These ex p erim en ts  cou ld  be ex tended  to  th e  o i l - w a te r  
i n t e r f a c e  and to  em ulsion  sy stem s.
T his t h e s i s  g iv e s  an acco u n t o f  ex p erim en ts  i n  th e  
f i r s t  two s ta g e s  o n ly . I t  i s  hoped t h a t  i t  may g iv e  
some in d ic a t io n  on ways i n  w hich f u r t h e r  work m ight be 
c a r r ie d  o u t .
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1 .1 . HISTORY AND INTRODUCTION
The c o n v e n tio n a l Langm uir a p p a ra tu s  c o n s i s t s  o f  a  
f l o a t i n g  b a r r i e r  a tta c h e d  to  a  b a la n c e  so t h a t  d e f l e c ­
t io n s  o f  th e  b a r r i e r  from  a  zero  p o s i t io n  can be 
m easured . Thus, a  sem i-c o n tin u o u s  re a d in g  o f  th e  
d e f l e c t i o n  caused  by th e  p re se n c e  o f  a  s u r fa c e  f i lm  on 
one s id e  o f  th e  b a r r i e r ,  i n  d i r e c t  com parison  w ith  th e  
c le a n  su r fa c e  on th e  o th e r  s id e  could  be made by n u l l  
p o s i t io n in g .  T h is a p p a ra tu s  h as  undergone many 
m o d if ic a t io n s ,  each  w orker i n  t h i s  f i e l d  hav ing  to  develop  
h i s  own a p p a ra tu s  and te c h n iq u e , due to  th e  inadequacy  
f o r  p r e c i s e  r e s e a r c h  o f  th e  com m ercially  a v a i la b le  
equipm ent (Mann I960 , A nderson ^1952, T r u r n i t  1959).
Each w orker has had to  em phasize d i f f e r e n t  so u rc e s  o f  
e r r o r  and l im i t a t i o n s  o f  t h e i r  p a r t i c u l a r  a p p a ra tu s , 
b u t  t h i s  g ra d u a l e v o lu t io n  o f  a p p a ra tu s  has been  d r iv e n  
by th e  r e a l i s a t i o n  t h a t  m ean ing fu l ex am in a tio n  and 
i n t e r p r e t a t i o n  o f  in s o lu b le  m onolayer behav ioun  i s  
c r i t i c a l l y  dependen t on e x p e rim e n ta l te c h n iq u e .
I t  would appear t h a t  a  s a t i s f a c t o r y  com m erc ially  
a v a i la b le  a p p a ra tu s  i s  lo n g  overdue . Such equipm ent 
cou ld  in tro d u c e  a  m easure o f  u n ifo rm ity  in to  b a s ic  
te c h n iq u e s  and speed th e  developm ent o f  su r fa c e  c h e m is try  
r e s e a r c h .  I n  t h i s  p a r t i c u l a r  l a b o r a to r y  a  com plete 
r e v i s io n  o f  a p p a ra tu s  has been  c a r r ie d  o u t o f  th e  
e x i s t in g  equipm ent and even now many im provem ents s t i l l  
rem ain  n e c e s s a ry . P e c u l ia r  to  t h i s  s e r i e s  o f  ex p erim en ts  
i s  th e  s tu d y  o f  m onolayer e l a s t i c i t y  by th e  method
-  20 -
o r ig in a te d  by Cheesman and S ten-E hudsen  (1959)- T h is 
b e in g  th e  p ro p e r ty  o f  im m ediate co n ce rn , a p p a ra tu s  
im provem ents have been  d i r e c te d  tow ards d e v e lo p in g  th e  
a ccu racy  o f  t h i s  p a r t i c u l a r  m easurem ent. M ajor changes 
have in c lu d e d  e r a d ic a t io n  o f  a l l  m agne tic  m a te r ia l  from  
th e  a p p a ra tu s  c o n s t r u c t io n ,  th e  e x c lu s io n  o f  d rau g h t 
e f f e c t s ,  to g e th e r  w ith  p o s i t iv e  m ounting o f  th e  
r e c o rd in g  in s tru m e n ts  and an o v e r a l l  r e d u c t io n  o f 
human p a r t i c i p a t i o n  i n  th e  a c tu a l  m easurem ent p ro ce d u re s .
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1 .2 . SPECIFICATION OF APPARATUS 
( i )  Trough and A rea R ecord ing
The tro u g h  i s  o f  c o n v e n tio n a l 'Langmuir* d e s ig n  i n  
sa n d b la s te d  g la s s  o f  th e  fo llo w in g  d im ensions: 35 15 x
1 .5  cm. w ith  a rim  o f 0 .7 5  cm. and an i n t e r n a l  d e p th  o f  
0 .5  cm. g iv in g  a  w orking volume o f  ap p ro x im a te ly  250 m l. ,  
o f te n  reduced  by g la s s  f i l l e r  p l a t e s  to  200 m l. The 
g round , f l a t - to p p e d  w a lls  o f  th e  tro u g h  a re  s e t  j u s t  
p roud o f a  c lo s e ly  f i t t i n g  copper j a c k e t ,  th ro u g h  w hich 
h e a t in g  o r  c o o lin g  w a te r may be c i r c u la t e d  w ith  a 
CHURCHILL CHILLERTHERMOCIRCUEATOR. The copper ja c k e t  
has th r e e  p o in t  c o n ta c ts ,  onto  a  b ase  su p p o rt w hich may 
be l e v e l l e d ,  u s in g  two s p i r i t  l e v e l s  s e t  i n  th e  s id e s  
o f  th e  copper j a c k e t .  B eneath  th e  b ase  su p p o rt l i e s  th e  
phosphorbronze  d r iv e  s h a f t  f o r  th e  com pression  b a r r i e r  
su p p o r t ,  to  w hich i t  i s  l in k e d  by a s p r in g  l e a f  c lu tc h .  
These b a r r i e r  su p p o rts  a re  a d ju s ta b le ,  so a s  to  a c c e p t 
a  v a ry in g  w id th  o f  b a r r i e r  and ' f l i p  aw ay' below th e  
l e v e l  o f  th e  tro u g h , f a c i l i t a t i n g  c le a n in g  by hand 
o p e ra te d  b a r r i e r s .  The movement o f  th e  com pression  
b a r r i e r  i s  p ro v id ed  by a r e v e r s ib l e  synchronous m otor 
(Fracmo F /26441 , 100 rpm) l in k e d  to  th e  pho spho rb ro n z e  
s h a f t  th ro u g h  a P ic a d o r f l e x i b l e  ru b b e r  l i n k  to  red u ce  
v ib r a t io n  t r a n s f e r .  The m o to r, f i t t e d  w ith  a  su p p re s s o r  
i s  encased  i n  an e a r th e d  alum inium  box to  red u ce  i n t e r ­
fe re n c e  i n  th e  se n so r  heads and p o t e n t i a l  re c o rd in g  system . 
The a re a  o f  th e  f i lm  i s  in d ic a te d  by a  s c a le ,  d e n o tin g  
th e  le n g th  (L) o f  th e  tro u g h  betw een  th e  f i lm  edge o f
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th e  ' Langmuir 'boom' and th e  f i lm  edge o f  th e  com pression  
b a r r i e r .  The boom edge i s  s e t  a t  zero  by moving and 
lo c k in g  th e  s c a le  to  t h i s  p o s i t io n .  The maximum a v a i l ­
a b le  sp re a d in g  a re a  used  d u rin g  t h i s  p r e s e n t  work has 
b een  L = 22 cm. Two a d ju s ta b le  s a f e ty  s to p s  a re  f i t t e d ,  
s e t  to  d isen g ag e  th e  com pression  b a r r i e r  c lu tc h  a t  each  
end o f  th e  d e s ir e d  t r a v e r s e .
The above a p p a ra tu s  (F ig s .  1 -8 ) ,  f a c i l i t a t e s  a 
c o n tin u o u s , r e p ro d u c ib le  com pression  o f  a  m onolayer a t  
a known speed . T his f a c t o r  i s  o f  c o n s id e ra b le  im portance  
f o r  th e  re p ro d u c tio n  o f  e l a s t i c i t y  m easurem ent.
The p r o v is io n  f o r  hand com pression  has been  r e t a in e d .
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( i i )  S u rface  P re s s u re  R ecord ing
Two m ethods a re  a v a i la b le  : -
(a )  c o n v e n tio n a l o p t i c a l  l e v e r  system .
(b ) autom ated co n tin u o u s re c o rd in g .
(a )  O p tic a l L ever
The o p t i c a l  le v e r  c o n s i s t s  o f  an e x te rn a l  la&p,
beamed onto  a  m ir ro r  f ix e d  to  th e  Langmuir boom su p p o r t.
The r e f l e c t e d  beam i s  c o l le c te d  on a  sc a le d  ground g la s s
o r  p a p e r p o r t ,  and i s  used  to  in d ic a te  th e  amount o f
/
to rq u e  re q u ire d  to  r e tu r n  th e  boom to  i t s  o r ig in a l  
p o s i t io n ,  a f t e r  d isp lacem en t by th e  fo rc e  due to  th e  
com pressed su r fa c e  f i lm .
The m ir ro r  su p p o r t, th e  t o r s io n  w ire  a ttach m en t and 
th e  Langmuir boom h o ld e r  form an i n t e g r a l  u n i t .  The boom 
c o n s is t s  o f  a waxed m ica f l o a t  12 .5  cm x 8 mm and i s  
a tta c h e d  to  th e  h o ld e r  by an alum inium  su p p o r t, f i t t e d  
w ith  a male co n n ec to r a llo w in g  v e r t i c a l  a d ju s tm e n t, and 
ease  o f  rem oval f o r  c le a n in g  and waxed th re a d  ren ew al. 
Owing to  th e  i n s t a l l a t i o n  o f  a  p re v io u s ly  u n t r ie d  
e l e c t r i c a l  system , a  r a p id ,  d i r e c t  means o f  c a l i b r a t i o n  
was d e s i r a b le .  The o r ig in a l  s in g le  c a l i b r a t i o n  arm has 
now been  re p la c e d  by a 'T ' shaped arm e n a b lin g  any one 
o f  fo u r  c a l ib r a t io n  w e ig h ts  to  be a p p lie d  to  th e  t o r s io n  
head . The w e ig h ts  were made from  b ra s s  and h e ld  i n  
s p r in g - lo a d e d , f in g e r  o p e ra te d  su p p o rts  (P ig . 5)- On 
d e p re s s io n  th e s e  su p p o rts  s e a t  down onto  th e  c a l i b r a t i o n  
arm. The w eigh t i s  im m ed ia te ly  r e t r a c t e d  on r e le a s e  o f  
th e  su p p o rt.
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W ith th e  c o n v e n tio n a l a p p a ra tu s ,  f o r c e - a r e a  
m easurem ents a re  made by s te p w ise  com pression  o f  th e  
f i lm , a l t e r n a t in g  w ith  th e  r e t u r n  o f  th e  boom to  i t s  
zero  p o s i t io n  and re a d in g  th e  su r fa c e  p re s s u re  from  
a c a l ib r a t e d  s c a le .  T h is  system  i s  burdensom e, 
in v o lv in g  much human e r r o r ,  and le a d s  to  in c o n s i s ta n t  
com pression  tim e and speed . T h is system  has been  
r e t a in e d  f o r  o c c a s io n a l  u s e , b u t th e  au tom ated  system  
d e sc r ib e d  below  i s  n o rm a lly  employed.
(b ) Automated C ontinuous R ecord ing
The t r a n s d u c t io n  p r i n c i p le  i s  t h a t  o f  an i n f r a - r e d  
beam, in te r r u p te d  by a v an e , w hich v a r i e s  th e  r a d i a t i o n  
f a l l i n g  on to  a  s e n s i t iv e  d e te c to r .  T h is r e s u l t s  i n  a 
v o l ta g e  o u tp u t change from  a. t r a n s i s t o r  c i r c u i t  (P ig .1 c )  
w hich may be d is p la y e d  on a TOA P o ly re c o rd e r  EPE-2TB 
(P ig . 2 ) . The beam 'c u t - o u t '  o r  vane i s  an opaque f o i l  
mounted on th e  m ica boom. The U -shaped se n so r  head 
(P ig . 7) c o n ta in in g  th e  i n f r a - r e d  e m i t te r  i n  one arm 
and th e  pho to  t r a n s i s t o r  d e te c to r  i n  th e  o th e r ,  may be 
a d ju s te d  to  a  p o s i t io n  such  t h a t  th e  movement o f  th e  
boom cau ses  th e  vane to  i n t e r c e p t  th e  beam, c r e a t in g  
a s ig n a l  change. The maximum movement r e q u ir e d  i s  
dependen t on th e  t o r s io n  ( s t e e l )  w ire  i n s t a l l e d ,  t h a t  
i n  u se  b e in g  1 .5  nun i n  d ia m e te r .
T h is movement in tro d u c e s  a  known e r r o r  in to  th e  a re a  
m easurem ent a s  rec o rd e d  b u t t h i s  can be m inim ised  o r  
c a lc u la te d .  The re sp o n se  (0 -1 .1  v o l t )  i s  c a l ib r a t e d  by
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a p p ly in g  to  th e  t o r s io n  h ead , r in g  w e ig h ts  r e p r e s e n t in g  
known v a lu e s  i n  dynes/cm . The system  can he made as  
s e n s i t iv e  as r e q u i r e d ,  by  s u i t a b l e  p e n - re c o rd e r  a m p l i f i ­
c a t io n  ( h ig h e s t  s e n s i t i v i t y  = 1 .2  dynes/cm . f u l l - s c a l e  
d e f l e c t i o n . )
( i i i )  Ho no la y e r  E l a s t i c i t y  R ecord ing
The m easurem ent o f  m onolayer e l a s t i c i t y  by s tu d y in g  
th e  movement o f  a  m agnetic  f l o a t  embedded i n  th e  f i lm  
may be im proved by rep la ce m e n t o f  th e  o r i g in a l  d i r e c t  
m icroscope  o b s e rv a t io n s ,  Cheesman and S ten-E nudsen  
(^959) w ith  a  r a p id  re sp o n se  se n so r . A m odulated  i n f r a ­
re d  beam system  p ro v id ed  th e  n e c e s s a ry  freedom  o f  
o p e ra t io n ,  r e q u i r in g  n e i t h e r  m echan ica l c o n ta c t  w ith  
th e  f l o a t  n o r e n c lo su re  to  e l im in a te  s t r a y  l i g h t  e f f e c t s .  
Sm all i n f r a - r e d  e m it te r s  a re  a v a i la b le  and a  p h o to tr a n ­
s i s t o r  (H u lla rd  BPX 25) was found to  be a  s u i t a b le  
r e c e iv e r .  The a s s o c ia te d  c i r c u i t r y  i s  a  m o d if ic a t io n  
o f  a  H u lla rd  d e s ig n  (P ig . 1c) w ith  a  m o d u la tio n  s e t  a t  
2 . 7  kH. The beam i n t e r r u p t i o n  was re q u ir e d  to  g iv e  
m easurem ent ov e r a d is ta n c e  o f  2 -5  cm, i n  c o n t r a s t  to  
th e  sm a lle r  re q u ire m e n t o f  th e  su r fa c e  p re s s u re  s e n s o r . 
S e v e ra l opaque, shaped 'c u t - o u t s '  were in v e s t ig a te d  
b e fo re  a d o p tin g  th e  cone p r i n c i p le  used  f o r  s h u t t e r s  i n  
an i n f r a - r e d  sp e c tro p h o to m e te r . An o p t i c a l  g r a d ie n t  vane 
was made u s in g  th e  p h o to g ra p h ic  te c h n iq u e  o f  Lewis (1967, 
p e rs o n a l  com m unication). The o u t l in e  o f  th e  vane i s  
d e s ig n ed  w ith  two arms p ro v id in g  o p t i c a l  z e ro in g  l i n e s  
to  f a c i l i t a t e  a lig n m en t o f  th e  beam (P ig . 5 )-
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The e m i t te r  and d e te c to r  a re  s e t  i n  th e  arms o f  an 
alum inium  se n so r  head , mounted i n  f r o n t  o f  th e  o b je c t iv e  
o f  th e  o r i g in a l  m icroscope (P ig . 7 ) .  The necessary- 
th re e -d im e n s io n a l  a d ju s tm en t c a l l s  f o r  a  g r e a t ly  im proved 
m ount, b o th  f o r  th e  m icroscope  and th e  se n so r  head .
The r e l a t i o n s h i p  o f  th e  se n so r  head to  th e  m icroscope 
( s e a le d  e y e p ie c e s )  has a ls o  b een  made a d ju s ta b le ,  
a llo w in g  b o th  v i s u a l  and e le c t r o n i c  zero  p o s i t io n s  to  
be s e t .  The o v e r a l l  d e s ig n  a llo w s b o th  au to m a tic  and 
m icroscope  o b s e rv a t io n s  to  be made s im u lta n e o u s ly , 
p ro v id in g  d i r e c t  c a l i b r a t i o n  o f  th e  a u to m a tic  system .
The se n so r  head has a c e n t r a l  b lo c k  w hich c o n ta in s  a 
s l i t  (P ig . 7 ) ,  p ro v id in g  m ech an ica l l o c a t io n  o f  th e  
f l o a t  d u rin g  f i lm  com pression . The s l i t  may be c lo se d  
a t  e i t h e r  end by b r a s s  p l a t e s  so t h a t  th e  head may be 
u sed  i n  b o th  d i r e c t i o n s ,  a s  r e q u ir e d  i n  th e  re c o rd in g  
o f  l o n g i tu d in a l  and t r a n s v e r s e  t r a n s i e n t s .
The m ag n e tic  f i e l d  i s  su p p lie d  by  a  s e a le d  c o i l  o f  
71b o f  doub le  c o tto n  covered  copper w ire , wound onto  a 
wooden r e e l  w hich i s  su p p o rte d  by a  b r a s s ,  h e ig h t  
a d ju s ta b le  s ta n d . The m agnitude o f  th e  s t r e s s  c u r r e n t  
i s  c o n tr o l le d  by  a r h e o s t a t  and re c o rd e d  on a  p a n e l 
ammeter (P ig s .  I d , 2 ) . .The d is ta n c e  betw een  th e  m agnet 
c e n tre  and th e  c o i l  fa c e  i s  a c c u ra te ly  s e t  by means o f  
a c a l ib r a t e d  alum inium  sp a c e r  ro d  p a s s in g  th ro u g h  th e  
se n so r  head and a b u t t in g  th e  c o i l  f a c e .  By means o f  a  
sc rew -th re a d e d  p ush  rod  th e  c o i l  may be moved tow ards 
th e  se n so r  head u n t i l  th e  c o r r e c t  d is ta n c e  i s  seen  on
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th e  spacer rod  (P ig . 5)» The f l o a t i n g  m agnet used  
th ro u g h o u t th e  work was th a t used  by Cheesman and 
S ten-E nudsen  (1959) c o n s is t in g  o f  a fragment (1 cm x 
1 mm sq u a re  cro ss s e c t io n )  o f  .11 comax a l lo y  s e t  on a 
t h in  m ica d is c  o f  1 .2  cm diam eter.
The a p p a ra tu s  i s  d esig n ed  to  a llo w  th e  re c o rd in g  
o f  e i t h e r  lo n g i tu d in a l  t r a n s i e n t s  ( f l o a t  moves i n  th e  
d i r e c t i o n  o f  f i lm  com pression) o r  t r a n s v e r s e  t r a n s i e n t s  
( f l o a t  moves a t  r i g h t  a n g le s  to  th e  d i r e c t i o n  o f  f i lm  
com pression . ) T h is  f a c i l i t y  a ls o  r e q u i r e s  th e  r o t a t i o n  
o f  th e  com plete  a p p a ra tu s  so t h a t  th e  h o r iz o n ta l  component 
o f  th e  E a r t h 's  m agne tic  f i e l d  ( d e te c te d  by a  mounted 
compass) and th e  p a th  o f  th e  f l o a t  a re  a c cu ra te ly  a lig n e d . 
To a llow  a r a p id  in te rc h a n g e  o f  th e s e  p o s i t io n s  th e  
equipm ent i s  mounted on c a s to r s  and r o t a t e s  abou t a 
c e n t r a l  c i r c l e .  These o r i e n t a t i o n  changes a ls o  r e q u i r e  
th e  in te rc h a n g e  o f  p o s i t io n  o f  th e  s t r e s s  c o i l  and m ic ro ­
s c o p e /s e n s o r  head (P ig s . 5, 4 ) .  T h is i s  f a c i l i t a t e d  by 
m ounting th e  m icroscope i n  a  p e rsp e x  s h e e t  w hich may be 
f i t t e d  in to  e i t h e r  p o s i t io n  o f  th e  m ain c a se . The c o i l  
has a  p e rsp e x  mask w hich e x c lu d es  d rau g h t when th e  c o i l  
i s  f i t t e d  in  e i t h e r  p o s i t io n .  The f r o n t  f e e t  o f  th e  c o i l  
su p p o rt have , i n  each  c a se , s p e c ia l  r e t a in i n g  p o in ts  to  
en su re  c o r r e c t  a lig n m en t w ith  th e  tro u g h  s id e  o r  end.
The system  i s  c a l ib r a t e d  by th e  method o f  Cheesman and 
S ten-K hudsen (1959)-
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T his f a c i l i t y  was re q u ire d  due to  th e  r e a l i s a t i o n  
t h a t  m yosin f i lm s  re v e a le d  a  q u a n t i t a t iv e  d i f f e r e n c e  i n  
e l a s t i c i t i e s  m easured in  each  d i r e c t i o n .  The ATP 
in f lu e n c e  on m yosin f i lm s  was th e  same i n  each  d i r e c t i o n  
a lth o u g h  th e  t r a n s v e r s e  t r a n s i e n t s  were th e  more s t i f f .
T liis r e l a t i o n s h i p  p roved  to  he v a r i a b le ,  t r y p s i n  f i lm s  
b e in g  w eaker i n  th e  t r a n s v e r s e  d i r e c t i o n  a t  low p r e s s u r e s ,  
t h i s  s i t u a t i o n  s lo w ly  r e v e r s in g  as  com pression  imposed a 
c h a r a c t e r i s t i c  on th e  p r o t e in  f i lm . O ther p r o t e in s  such  
as  b ov ine  serum album in d id  n o t a p p a re n tly  e x h ib i t  
a n is o tro p y .
The beam 'c u t  o f f '  p ro d u ces a  maximum change o f  
1 .1  v o l t  i n  c i r c u i t  o u tp u t w hich may be d isp la y e d  on th e  TOA 
p o ly re c o rd e r  w ith  s e n s i t i v i t y  ra n g in g  from  1 .0  mm = 5-2  
d iv is io n s  to  0 .0 6  mm = 10 d iv is io n s  o r  f u l l  s c a le  d e f le c t io n .
( iv )  P araday  Cage and S u rface  P o te n t i a l  R ecord ing
The e n t i r e  a p p a ra tu s  i s  e n c lo sed  i n  a  p e rsp e x  cage , 
th e  b a se  o f  w hich i s  a fo rm ic a -c o v e re d  p a n e l f o r  ease  o f  
c le a n in g . ' On th e  u n d e rs id e  th e  b ase  i s  covered  w ith  a 
p e r f o r a te d  z in c  s h e e t  i n  e l e c t r i c a l  c o n ta c t  w ith  th e  
expanded alum inium  m esh, l i n i n g  th e  p e rsp e x  cag e . T liis 
P araday  cage i s  e a r th e d  th ro u g h  a  s in g le  c o n n e c tio n  a lso  
used  to  e a r th  c a b le  s c re e n s  and c h a s s is -  The p e rsp e x  
cage may be r e a d i ly  d ism a n tle d . The f r o n t ,  a v e r t i c a l  
s l i d e  may be c o m p le te ly  removed d u rin g  work a t  th e  tro u g h .
A s p r in g  c l i p  c o n ta c t  e n su re s  co m p le tio n  o f  th e  Parad  ay 
cage when th e  f r o n t  p a n e l i s  low ered  in to  p o s i t io n -
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The to p  o f  th e  cage c a r r i e s  th e  a i r  e le c t r o d e  o f  
th e  V o lta  p o t e n t i a l  re c o rd in g  system . T h is  e le c t r o d e  
i s  p o s i t io n e d  s l i g h t l y  o f f  tro u g h  c e n tre  and may he 
lo ck ed  in to  any p o s i t io n  a lo n g  th e  tro u g h  le n g th .
The r a d io a c t iv e  e le c t ro d e  c o n s i s t s  o f  Americium 241, 
a s  f o i l ,  s e a le d  in to  an alum inium  head , w ith  an 
a p e r tu re  c lo se d  by a  t h i n  'M e lin ex ' p o ly e s te r  f i lm .
The alum inium  head i s  r e a d i ly  d e ta ch e d . A system  o f 
c o n c e n tr ic  b r a s s  tube  su p p o r ts  a llo w s c o a rse  and f in e  
v e r t i c a l  a d ju s tm e n t, w h i l s t  c a r ry in g  th e  sc reen ed  
c o a x ia l  c a b le  to  th e  EIL V ibron E le c tro m e te r , model 
33 B-2. P o t e n t i a l  re a d in g s  a re  made w ith  t h i s  e le c t r o d e  
s e t  a t  3 Mm above th e  s u r fa c e  tro u g h . The a lp h a  p a r t i c l e  
r a d i a t i o n  from  th e  e le c t ro d e  io n is e s  th e  a i r  gap e n a b lin g  
a  c i r c u i t  to  be com pleted  a c ro s s  th e  s u r fa c e  v i a  th e  
tro u g h  subphase to  a  second e le c t r o d e .  T h is e le c t ro d e  
i s  lo c a te d  b eh in d  a waxed b a r r i e r  on th e  s id e  o f  th e  Lang­
m uir boom rem ote from th e  f i lm . I t  c o n s i s t s  o f  a  g la s s  
tu b e  w ith  a  w ick c o n n e c tio n  betw een th e  tro u g h  subphase 
and a  s i l v e r  c h lo r id e /p o ta s s iu m  c h lo r id e  s o lu t io n  
su rro u n d in g  a  s i l v e r / s i l v e r  c h lo r id e  w ire . T h is w ire  i s  
connec ted  to  th e  'lo w ' te rm in a l  o f  th e  e le c tro m e te r  v i a  
a  sc ree n ed  c a b le ,  th e  a i r  e le c t ro d e  b e in g  connec ted  to  
th e  h ig h  te rm in a l .  The system  was checked by u s in g  
c h o le s te r o l  f i lm s ,  th e  p r o p e r t i e s  o f  w hich have been  
e x te n s iv e ly  docum ented.
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(v ) S p read ing  o f  Pi1ms
The p r o t e i n  was sp read  on th e  s u r fa c e  w ith  an A gia 
m icrom eter sy r in g e  f i t t e d ,  i n  m ost ex p erim en ts  w ith  a 
g la s s  n e e d le . The an g le  o f  in c id e n c e  betw een  th e  n e e d le  
and s u r fa c e  was found to  be c r i t i c a l  f o r  s u c c e s s fu l  
a p p l ic a t io n .  Two o p e ra to r s ,  Cheesman and Robson, u s in g  
th e  same sy r in g e  were a b le  to  p roduce  c o n s i s te n t  a re a s  
d i f f e r i n g  by a f a c t o r  o f a lm ost two. T h is was t r a c e d  
to  th e  f a c t  t h a t  one o f  us p r e f e r r e d  to  s ta n d  w h i ls t  
w orking and used  a l a r g e r  an g le  o f  in c id e n c e . T his 
in c re a s e d  th e  p o s s i b i l i t y  o f  'j a b b in g ' below th e  s u r fa c e  
w ith  consequen t lo s s  o f  f i lm  m a te r ia l .  Good r e s u l t s  
were o b ta in e d  when th e  an g le  o f  in c id e n c e  was k e p t as 
sm a ll a s  p o s s ib le  and in d iv id u a l  a p p l ic a t io n s  o f  0 .2  -  
0 .4  ^-1, e q u iv a le n t  to  abou t 0 .4  -  0 .8  jig  p r o t e in ,  were 
u sed .
The a p p l ic a t io n  o f  m a te r ia l  to  th e  su r fa c e  shou ld  
i d e a l l y  be made w ith  a m u l t i - o u t l e t  sy r in g e  w ith  s im u l­
ta n e o u s  s u r fa c e  c o n ta c t  f o r  a l l  o u t l e t s .  T h is would 
en su re  more a c c u ra te  t im in g  o f  p r o t e in  -  s u r fa c e  c o n ta c t  
and more u n ifo rm  sp re a d in g  c o n d it io n s  f o r  each  d r o p le t .  
E l a s t i c i t y  s tu d ie s  have in d ic a te d  t h a t  th e  p r a c t i c a l  
compromise o f  a p p ly in g  th e  m a te r ia l  a lo n g  a s t r a i g h t  l i n e  
can p roduce  a  h e te ro g en eo u s f i lm . The p r o t e i n  f u r t h e s t  
from  th e  p o in t  o f  a p p l ic a t io n  i s  c o n t in u a l ly  exposed to  
f r e e  s u r f a c e ,  b u t  m a te r ia l  added l a t e r  e n te r s  a  s u r fa c e  
a lr e a d y  o ccup ied  by p r o t e in  m o le c u le s , p resum ably  in  
d i f f e r e n t  s ta g e s  o f  u n fo ld in g .
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The a p p a ra tu s  was r e c e n t l y  m o d ified  by th e  
i n t r o d u c t io n  o f  a  se m i-a u to m a tic  sy r in g e  a p p l i c a to r  
(E ig . 8 ) .  The Agia m icrom eter sy r in g e  i s  mounted i n  
such  a manner t h a t  d u rin g  one tu r n  o f  th e  h an d le  th e  
sy r in g e  d e l iv e r s  a un ifo rm  amount o f  s o lu t io n  to  th e  
n e e d le  t i p .  D uring th e  e x tr u s io n  o f  m a te r i a l ,  th e  
n e e d le  t i p  i s  above th e  tro u g h  s u r f a c e .  As soon as 
d e l iv e r y  i s  com plete th e  n e e d le  t i p  i s  low ered  in to  
c o n ta c t  w ith  th e  su r fa c e  and th e n  l i f t e d  o f f -  A f in e  
a d ju s tm en t e n su re s  t h a t  when th e  n e e d le  t i p  i s  d e p re s s e d , 
th e  s u r fa c e  i s  j u s t  reach ed  and no p e n e t r a t io n  o c c u rs . 
T h is c y c le  i s  re p e a te d  50 tim e s  d u rin g  th e  t o t a l  d e l iv e r y  
o f  10 jnl o f  s o lu t io n .  D uring t h i s  o p e ra t io n ,  c a r r i e d  
o u t by m anual tu rn in g  o f  a h a n d le , th e  sy r in g e  i s  a ls o  
caused  to  t r a v e r s e  a  s h o r t  w id th  o f th e  tro u g h . T h is 
p ie c e  o f  a p p a ra tu s  has r e g u la r is e d  th e  a p p l i c a t io n  
p ro ce d u re  and made p o s s ib le  more a c c u ra te  tim ing , o f  th e  
sp re a d in g  p e r io d .
( v i )  Tem perature R ecord ing
T em perature c o n tro l  was n o n - e x is te n t  i n  th e  o r i g in a l  
equipm ent. Ambient te m p e ra tu re s  were used  b u t th e s e  
s u f f e re d  from  a d a i ly  c y c le  o f  change found to  s i g n i f i ­
c a n t ly  a f f e c t  some sp re a d in g  r a t e s  and e l a s t i c i t i e s .
The Langmuir tro u g h  i s  now su rrounded  by a  j a c k e t  th ro u g h  
w hich te m p e ra tu re  c o n tro l le d  w a te r  can be c i r c u la t e d  by 
a  C h u rc h il l  C h i l le r th e r m o c i r c u la to r .  R apid a t ta i r m e n t  
o f  te m p e ra tu re  e q u il ib r iu m  has n o t y e t  been  a ch iev e d . 
T em peratu res a re  re c o rd e d  on a  m e rc u ry - in -g la s s  therm o­
m ete r t o t a l l y  immersed in  th e  tro u g h .
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1 .3 . MJTURE IHPROVSrmiTS IE  APPARATUS
L is te d  below a re  some su g g es ted  im provem ents t h a t  
cou ld  be made to  th e  a p p a ra tu s  f o r  any f u tu r e  r e s e a r c h  
programme.
( i )  M echanical V ib ra t io n
M echanical v ib r a t io n  i s  a t  p r e s e n t  r e a d i ly  t r a n s ­
m it te d  and e i t h e r  in f lu e n c e s  th e  pen r e c o rd e r  d i r e c t l y  
o r  i s  m ag n ified  by th e  tro u g h  l iq u id  i n  in f lu e n c in g  
b o th  p re s s u re  and e l a s t i c i t y  s e n s o rs . T h is could  be 
e lim in a te d  by p ro p e r  su p p o rt c o n s t ru c t io n .
( i i )  T em perature C o n tro l
Tem perature c o n tro l  has r e c e n t ly  been  im proved by 
th e  in t r o d u c t io n  o f  a  C h u rc h il l  C h i l le r th e r m o c i r c u la to r .  
T h is  in s tru m e n t may be used  more e f f e c t i v e l y  by re d e s ig n  
o f  th e  tro u g h  to  accommodate te m p e ra tu re  c o i l s .  The 
su rro u n d in g  a i r  may a ls o  be more c lo s e ly  c o n tro l le d  and 
m on ito red  by s u i t a b le  a i r  c o i l s .
( i i i )  Glove P o r ts
Glove p o r t s  i n  th e  f r o n t  o f  th e  a p p a ra tu s  have been  
used  i n  an a tte m p t to  red u ce  a i r  te m p e ra tu re  d is tu rb a n c e s  
w ith in  th e  cage d u rin g  u se .
( iv )  M oto rised  A p p lic a to r
The h a n d -o p e ra te d  Agi a  sy r in g e  h o ld e r  may be 
co n v e rted  f o r  m o to rise d  a c t io n .
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(v ) A rea R ecord ing
The use  o f  s e p a ra te d  c h a r t  d r iv e  and b a r r i e r  d r iv e ,  
coup led  w ith  a  s c a le  i n d i c a t o r ,  cou ld  be im proved by  one 
o f  th e  many e l e c t r i c a l  m ethods a v a i la b le .  The m otor 
d r iv e  may a ls o  be f i t t e d  w ith  a  speed c o n tro l  u s in g  a  
s u i t a b l e  r h e o s t a t  i n  th e  a rm atu re  c i r c u i t .  (R ig . 1d)
( v i )  L iq u id  L evel
T h is shou ld  be c o n tro l le d  p r e c i s e ly  and a  means o f  
a u to m a tic  subphase a d d i t io n  and c o r r e c t  m ain tenance  o f  
l e v e l  shou ld  be e s ta b l is h e d .
( v i i )  M agnetic f l o a t  D esign
(a )  The A1 comax m agnet used  to  d a te  may be su p e r­
seded by th e  u se  o f  P la t in a x  I I  m agnetic  w ire . B r ie f  
ex p erim en ts  w ith  t h i s  w ire  have proved  s a t i s f a c t o r y .
(b ) The d e s ig n  o f  th e  vane would be im proved by 
th e  in t r o d u c t io n  o f  a p h o to g ra p h ic  wedge w ith  v e r t i c a l  
hom ogeneity  and a  f i n e r  o p t i c a l  g ra d ie n t  th a n  t h a t  
used  a t  p r e s e n t .  T h is would e l im in a te  th e  need f o r  
re p e a te d  c a l ib r a t i o n  o f  th e  se n so r  head .
( v i i i )  U nderfilm  I n j e c t io n
The p r o v is io n  o f  a  r e l i a b l e  method f o r  i n j e c t i o n  
and even d i s t r i b u t i o n  o f  m a te r ia l  under sp read  m onolayers 
would be o f  c o n s id e ra b le  v a lu e .
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1 .4 . EXPERIMENTAL PROCEDURES
( i )  P r e p a ra t io n  o f  A pparatus
The tro u g h  s l i d e s  and a l l  g la ssw are  used  sire 
s te e p e d  in  warm c h ro m ic -su lp h u r ic  a c id  c le a n in g  
s o lu t io n .  The g lassw are  i s  th e n  v e ry  th o ro u g h ly  
r in s e d  under a j e t  o f  ru n n in g  ta p  w a te r , b e fo re  
b a th in g  i n  d i l u t e  o r th o p h o sp h o ric  a c id . A f te r  a  
f u r t h e r  ta p  w a te r  r i n s e ,  th e  g la ssw a re  i s  b a th ed  
i n  d i l u t e  h y d ro c h lo r ic  a c id  b e fo re  a  f i n a l  ta p  
w a te r  r in s e  and sub seq u en t th o ro u g h  wash in  double  
d i s t i l l e d  w a te r . Once d ry , th e  f l a t  edges o f  th e  
tro u g h  and th e  f r o s t e d  s u r fa c e  o f  th e  g la s s  s l i d e s  
a re  co a ted  w ith  p a r a f f in  wax (c o n g e a lin g  p o in t  49° C) 
a p p lie d  u s in g  a  warm k n if e  b la d e . The m ica d is c  f l o a t  
and th e  Langm uir boom a re  a ls o  covered  in  wax. The 
boom i s  p la c e d  in  i t s  h o ld e r  and th e  gap betw een boom 
and tro u g h  c lo se d  by th e  a ttac h m en t o f  l i g h t l y  v a s e l in e d  
(B lue Cap) s i l k  th re a d s .  The i n i t i a l  subphase i s  
a llow ed  to  s ta n d  i n  c o n ta c t  w ith  th e  new ly c lean ed  
tro u g h  f o r  a s h o r t  p e r io d ,  p r i o r  to  sw eeping and 
c le a n in g  o f  th e  s u r fa c e . A minimum te n  sw eeps, in v o lv in g  
com pression  o f  su r fa c e  c o n ta m in a tio n  betw een  b a r r i e r s  
and i t s  rem oval by s u c t io n ,  a re  made on e i t h e r  s id e  o f 
th e  boom. Between two f i lm  ex p erim en ts  a  minimum o f  f iv e  
sweeps a re  made and th e  a p p l i c a t io n  o f  t a l c  i s  o f te n  used  
as  an a d d i t io n a l  c le a n in g  a id  o r  le a k  d e te c to r .  The 
s l i d e s  used  f o r  c le a n in g  and com pression  r e q u i r e  f r e q u e n t  
'f la m in g ' to  p re v e n t a cc u m u la tio n  o f  sp re a d a b le  con tam in -
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a n ts ,  p a r t i c u l a r l y  p r o te in .  T h is ten d en cy  o f  p r o te in s  
to  s t i c k  to  s u r fa c e s  o r  c reep  a lo n g  th e  g la s s  Agia 
n e e d le s  has to  be c a r e f u l ly  guarded  a g a in s t .  S o lu t io n s  
a re  s to re d  i n  g la s s  v e s s e l s  and th e  l iq u id  s u r fa c e s  a re  
c le an e d  by s u c t io n  im m ed ia te ly  p r i o r  to  u se .
F in a l ly ,  a t  l e a s t  15 m in u tes  b e fo re  u s e , th e  se n so r  
c i r c u i t s ,  V ibron e le c tro m e te r  and th e rm o c ir c u la to r  a re  
sw itch ed  on to  a llow  w orking te m p e ra tu re s  and s t a b i l i t y  
to  be rea ch e d .
( i i )  S u rfa ce  P re s s u re -A re a  D e te rm in a tio n
The Agia  s y r in g e s  a re  c le a n e d , as f o r  g la ssw a re  
above, b u t  i n  a d d i t io n  a re  th o ro u g h ly  r in s e d  w ith  th e  
s o lv e n t  to  be used  f o r  th e  p r o t e in  s o lu t io n .  The p r o t e i n  
s o lu t io n s  ( 2 - 4 -  mg/ml) a re  made up and added to  a  co ld  
sy r in g e  b a r r e l  th ro u g h  th e  open end w ith  a sub seq u en t 
i n s e r t i o n  o f  th e  p lunger#  The fo rm a tio n  o f  a  'b lo b ' o f  
c o a g u la te d  p r o t e in ,  when th e  s o lu t io n  i s  f i r s t  fo rc e d  
in to  th e  f in e  c a p i l l a r y  o f  th e  Agia s y r in g e , i s  o f te n  
n o ted  and th o u g h t to  be due to  a s s o c ia t io n  o f  s u r f a c e -  
d e n a tu re d  p r o t e in .  T h is was r e a d i ly  o bserved  i n  th e  
a l l - g l a s s  n e e d le . The o r i g in a l  m e ta l n e e d le s  were found , 
on in s p e c t io n  to  c o n ta in  'p lu g s ' o f  p r o t e in  b u i l t  up 
from  many e x p e rim e n ts , a d h e rin g  to  t h e i r  in s id e  s u r f a c e s .  
The sy r in g e  i s  s e t  in to  th e  m icrom eter screw  head and 
a l l  a i r  b u b b le s  removed from  th e  n e e d le . The lo ad ed  
sy r in g e  i s  k e p t in  a r e f r i g e r a t o r  ex cep t d u rin g  a c tu a l  
f i lm  a p p l ic a t io n .  The com pression  b a r r i e r  i s  s e t  a t  22 cm 
w ith  th e  Langm uir boom a t  0 cm- The pen  r e c o rd e r  i s
9 o G e n e ra lise d  su r fa c e  p re s s u re -a re a  c a rv e .
Vj
iI
^ I'O
HtvTiNQx f ^ t \ .  * 1
Pig 10, G e n e ra lise d  s a r l ’a c e - j r e s s u r e - a r e a  carve
showing 'l i m i t i n g  area* m easurem ent.
i m
P ig  11, Saiiiple 01 s u rfa c e  p re s s u r e - a r e a  and e l a s t i c i t y
p r in t  ou t
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sw itched  to  p re s s u re  m easurem ent and ze ro ed . I t  may 
th e n  be r a p id ly  c a l ib r a te d  u s in g  th e  r in g  w e ig h ts .
At l e a s t  2ml s o lu t io n  i s  ex p re ssed  from  th e  n eed le  
im m ed ia te ly  b e fo re  f i lm  a p p l ic a t io n ,  and removed from 
th e  n e ed le  by draw ing th e  t i p  a c ro s s  a t i s s u e .  D ro p le ts  
a re  th e n  ex p ressed  when th e  n e ed le  i s  o u t o f  c o n ta c t  
w ith  th e  su r fa c e  and th e n  touched  down. The sy r in g e  
a ls o  t r a v e r s e s  a c ro s s  o r  a long  th e  tro u g h  s u r fa c e  and 
tim in g  s t a r t e d  from  th e  f i n a l  a d d i t io n .  The Faraday  
cage f r o n t  i s  c lo s e d . The s u r fa c e  a re a  o f a  f i lm  i s  
c h a r a c te r is e d  a s  a ' l i m i t i n g  a r e a ' d e riv e d  from  th e  
p r e s s u r e - a r e a  r e l a t i o n s h ip  (F ig s . 9 ,1 0 ,1 1 ) .  T h is 
m easurem ent i s  s ta n d a rd  p r a c t i c e  i n  su rfa c e  ch em is try  
f o r  th e  d e te rm in a tio n  o f th e  a re a  occup ied  by m o lecu les 
in  a s u r fa c e  f i lm . F ig . 9 i s  a g e n e ra l is e d  p r e s s u r e -  
a re a  curve f o r  a  sim ple  long  c h a in  su b s ta n c e , showing 
v a r io u s  p o s s ib le  s t a t e s  o f a m onolayer, one o r  more o f 
which may be e x li ib ite d  by a g iv en  f i lm  and th e  t r a n s i t i o n  
betw een them which may occu r on com pression . The p r e s s u r e -  
a re a  d iagram s o f w e ll- s p re a d  p r o te in s  o r  p o ly u e r  f i lm s  on 
aqueous subphases a re  r e l a t i v e l y  f e a tu r e l e s s  (F ig . 1 0 ). 
These cu rv es ten d  to  be smooth, w ith o u t marked d isc o n ­
t i n u i t i e s ,  and show no ev idence o f  phase t r a n s i t i o n s  i n  
th e  s ta b le  p re s s u re  re g io n . The su r fa c e  p re s s u re  i s  low 
a t  la rg e  s p e c i f i c  a re a s ,  b u t in c r e a s e s  more o r  l e s s  r a p id ly  
when th e  f i lm  i s  com pressed to  th e  p o in t  where th e  m acro- 
m o lecu les  th em se lv es occupy m ost o f th e  a v a i la b le  space .
For m ost f u l ly - s p r e a d  p r o te in s .  F ig . 10 i s  a  t y p ic a l  
curve and F ig . 11 shows cu rves p lo t t e d  a u to m a tic a lly  by
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means o f  th e  f i lm  p re s s u re  se n so r  head . E x tr a p o la t io n  
to  zero  p re s s u re  o f th e  s te e p  and a p p ro x im a te ly  r e c t i ­
l i n e a r  p a r t  o f  th e  com pression  cu rv e , g iv e s  a l im i t in g
p
a re a  i n  th e  re g io n  o f  0 .8  -  1 .0  m /mg.
The sy r in g e  i s  re tu rn e d  to  th e  r e f r i g e r a t o r  a f t e r  
w ip ing  th e  n e ed le  t i p .  A f te r  th e  re q u ire d  sp re ad in g  
tim e , th e  com pression  h a r r i e r  and c h a r t  d r iv e  a re  
a c t iv a te d  to g e th e r ,  and a  s u r fa c e  p r e s s u r e - a r e a  curve 
re c o rd e d . The f i lm  m a te r ia l  i s  removed by s u c t io n  
im m edia te ly  a f t e r  th e  re c o rd in g .
( i i i )  S u rface  P o te n t i a l  R ecord ing
T his m easurem ent was made c o n c u rre n tly  w ith  th e  
s u r fa c e  p r e s s u r e - a r e a  cu rv e , m ere ly  r e q u ir in g  th e  
p o s i t io n in g  o f  th e  a i r  e le c t ro d e .  The p o t e n t i a l  o f th e  
c le a n  su r fa c e  and changes induced  th e r e in  by a p p l ic a t io n  
and com pression  o f th e  f i lm  were rea d  from  th e  e l e c t r o ­
m ete r a t  p red e te rm in ed  a re a s .
( iv )  S u rface  Film  E l a s t i c i t y
The tro u g h  i s  p re p a re d  as above and th e  m ica f l o a t  
i s  d ipped  a t  l e a s t  tw ice  i n  th e  subphase beh ind  th e  
com pression  b a r r i e r .  The f l o a t  i s  p la c e d  w ith  fo rc e p s  
u nder th e  se n so r  head , w hich i s  low ered u n t i l  th e  vane 
engages in  th e  c l e f t .  The f l o a t  i s  now m ec h an ica lly  
h e ld  i n  p o s i t io n  to  m a in ta in  c o r r e c t  o r i e n t a t i o n  w h i ls t  
a f i lm  i s  formed around th e  f l o a t .  The m agnetic  f i e l d  
i s  a p p lie d . The p r o te in  i s  a p p lie d  to  th e  s u r fa c e  and 
th e  f i lm  com pressed u n t i l  th e  a p p ro p r ia te  p re s s u re
— 4-9 —
re a d in g  i s  reach ed . The m agnetic  f i e l d  i s  th e n  sw itched  
o f f  and th e  pen re c o rd e r  sw itched  to  re c o rd  f l o a t  move­
m ent. The se n so r head i s  r a i s e d  to  f r e e  th e  f l o a t  and 
a llow  th e  vane arm to  he seen  in  th e  m ic ro scope. A fte r  
a llo w in g  f o r  th e  s l i g h t  d r i f t  o f  th e  f l o a t  th e  arm i s  
fo cu sse d  a t  an a p p ro p r ia te  zero  p o s i t io n  and th e  pen  
r e c o rd e r  i s  a lso  zeroed . The s t r e s s  c o i l  i s  moved to  
th e  c o r r e c t  d is ta n c e  from th e  head as m easured on th e  
t ro u g h  head sp a ce r ro d . The beam c u t - o f f  may be r a p id ly  
c a l ib r a t e d  by scan n in g  th e  vane w ith  m icroscope, and 
se n so r head . Once re z e ro e d , th e  m agnetic  f i e l d  and 
c h a r t  d r iv e  a re  s t a r t e d  to g e th e r  and a  t r a n s i e n t  rec o rd e d . 
The m agnetic  f i e l d  i s  sw itched  o f f  a f t e r  a s u i t a b le  p e r io d  
and th e  r e tu r n  movement o f  th e  f l o a t  i s  re c o rd e d .
If/hile s tu d ie s  o f  th e  v i s c o - e l a s t i c  p r o p e r t i e s  o f 
p r o t e in  m onolayers p ro v id ed  th e  i n i t i a l  s tim u lu s  f o r  
t h i s  r e s e a r c h ,  th e y  proved o f  secondary  im portance  to  
th e  s tu d y  o f  sp re ad in g  r a t e s .  Cheesman and S ten-Ih iudsen  
( 1959 ) made an e m p ir ic a l m ath em atica l a n a ly s is  o f  th e  
movement o f  a f l o a t  embedded i n  a p r o te in  f i lm , daused 
by a p p l ic a t io n  and rem oval o f  a  s t r e s s .  T h e ir 
i n t e r p r e t a t i o n  i s  c r i t i c i s e d  by T schoegl (1961).
The term  ' t r a n s i e n t ' i s  used  h e re  f o r  th e  tim e -  
d isp lac em e n t curve o f  th e  f l o a t .  Such cu rves may be 
re s o lv e d  in to  a . ' jum p' p h a se , a  'v i s c o u s ' phase  and an 
' e l a s t i c '  r e tu r n  p h a se , (F ig . 1 2 ). An a c tu a l  se n so r 
head p r i n t - o u t  i s  shown i n  F ig . 11-.
I^
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Fig  12, G e n e ra lise d  t im e - f lo a t  d i s placem ent curve 
Showing 'jum p ' phase (a  -  b ;
'v isco u s*  phase (b -  c )
' e l a s t i c '  phase  ic  -  d)
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These b a s ic  p a ra m e te rs  r e q u ir e  much c lo s e r  a t t e n t i o n  
and u n d e rs ta n d in g  th a n  I  have been  a b le  to  g iv e  them. 
'W eakening' o r  ' s t i f f e n i n g '  o f  a  f i lm  has been  judged on 
th e  jump phase and th e  v isc o u s  phase  ta k e n  to g e th e r  
r a t h e r  th a n  on th e  e l a s t i c  r e tu r n  p h a se , w hich has been  
somewhat n e g le c te d  in  th e s e  d e te rm in a tio n s . F u tu re  work 
m ust c o n c e n tra te  on c r i t i c a l  a p p r a is a ls  analogous to  
t h a t  o f  James (1968) and T schoegl and A lexander (I960 ) 
o f  a l l  th r e e  s ta g e s  o f  a  t r a n s i e n t  and i n t e r p r e t a t i o n  
o f  e x p e rim e n ta l d a ta  i n  te rm s o f  f i lm  s t r u c tu r e  and th e  
changes produced by a  r e a g e n t .  I t  may be s a id  i n  p u re ly  
d e s c r ip t iv e  te rm s , t h a t  th e  jump phase produced by th e  
o n se t  o f  th e  s t r e s s  fo rc e  m ust r e p r e s e n t  a com bination  
o f  v isc o u s  and e l a s t i c  e lem en ts r e s i s t i n g  f l o a t  movement. 
The e l a s t i c  component in c r e a s e s  th e  r e s i s t a n c e  to  th e  
f l o a t  d u rin g  th e  movement. The v isc o u s  component may 
rem ain  a lm ost c o n s ta n t a lth o u g h  th e  f i lm  i s  s u b je c t  to  
s h e a r in g , th e  f l o a t  n ev er making a com plete r e tu r n  a f t e r  
r e l e a s e  o f th e  s t r e s s .
The second , v isc o u s  phase has an in c re a s e d  c o n t r i ­
b u t io n  from  d isp lacem en t o f  th e  f l o a t  a g a in s t  th e  v is c o u s  
component. The e l a s t i c  r e tu r n  phase may p e rh ap s  be th e  
e a s i e s t  to  i n t e r p r e t ,  b e in g  de term ined  p red o m in an tly  by 
th e  e l a s t i c  p r o p e r t i e s  o f  th e  f i lm .
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CHAPTER TWO
The e x t r a c e l l u l a r  p r o t e o ly t i c  enzymes and t h e i r  p re c u r s o r s
GEHERAL INTRODUCTION
The 'm yosin ' p r e p a ra t io n  used  by Cheesman, K ee le r 
and S ten-E hudsen (1959) i s  l i k e l y  to  have been  a complex 
o f  many d i f f e r e n t  p r o te in s .  In  an a ttem p t to  b e g in  
in v e s t ig a t io n s  w ith  a more sim ple  system , th e  s in g le  
c h a in  p r o t e o ly t i c  enzymes were s tu d ie d . These enzymes 
can be r e a d i ly  o b ta in e d  i n  h ig h  p u r i ty  and t h e i r  e x t r a ­
c e l l u l a r  n a tu re  may be more s u s c e p t ib le  to  th e  aqueous 
ex p e rim e n ta l c o n d it io n s  u sed . The enzymes, t r y p s in ,  
chym otrypsin  and p e p s in  w i l l  be s tu d ie d , to g e th e r  w ith  
t h e i r  r e s p e c t iv e  p re c u rs o r s  o r  in a c t iv e  form s v iz  
try p s in o g e n , chym otrypsinogen and pep sin o g en . These 
enzymes, a l l  o f  th e  g a s t r o - i n t e s t i n a l  t r a c t ,  show 
optimum a c t i v i t y  pH v a lu e s  s u i te d  to  t h e i r  r o le  i n  th e  
d ig e s t iv e  p ro c e s s .  P epsinogen  i s  r e le a s e d  from th e  
c h ie f  c e l l s  o f  th e  g a s t r i c  mucosa, where i t  i s  s y n th e s is e d  
and s to re d . I t  i s  a c t iv a te d ,  on s e c r e t io n ,  by th e  
h y d ro c h lo r ic  a c id  in  th e  g a s t r i c  ju ic e .  T rypsinogen  
and chymo try p s in o  gen a re  s e c re te d  from  th e  p a n c re a s  in to  
th e  sm all i n t e s t i n e ,  where th e y  a re  a c t iv a te d  by e n te ro -  
k in a s e  and t r y p s in  r e s p e c t iv e ly .
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2 .1 . CHYIiOTRYPSIH AMD CIimOTRYPSINOGM 
E.G. 3 .4 - .4 .5 "
IRTRQBUCTIQR
Giiym otrypsin (m. w t. 25 ,000) h y d ro ly se s  p e p t id e s ,  
am ides and e s t e r s  w ith  an optimum pH range  v a ry in g  w ith  
th e  s u b s t r a t e  u sed . The s u b s t r a t e s  BTA o r  BTEE show a 
sh a rp  peak  o f a c t i v i t y  a t  pH 7 . 8 , w hereas s u b s t r a t e s  
w ith  a  f r e e  amino g roup , such  as TEE have an optimum 
pH 6 .2 .  Galcium can a c t  as an a c t iv a t o r  b u t  i s  r e p o r te d  
to  be o f l e s s  im portance  th a n  i n  th e  case  o f  t r y p s in .  
I n h i b i t o r s  in c lu d e  heavy m e ta l io n s  and some n a tu r a l  
p r o t e in s .  S o lu tio n s  o f  th e  enzymes a re  m ost s t a b le  a t  
pH 5 -  3 . 5  w ith  a  calc ium  io n  c o n c e n tra t io n  o f  0 .0 5  
The t l i r i c e  r e  c r y s t a l l i s e d  enzyme has been  shown to  
c o n s i s t  o f  two a c t iv e  components w ith  unequal s t a b i l i t y .  
The m ino r, l e s s  s t a b le  component i s  s t a b i l i s e d  by 
ca lc ium  io n s ,  so t h a t  i n  th e  p re se n c e  o f  ca lc iu m , 
chymo t r y p s in  ap p ea rs  homogeneous. Ghymo try p s in o  gen i s  
th e  in a c t iv e  p re c u r s o r  o f  th e  enzyme w hich may be 
a c t iv a te d  by th e  a c t io n  o f  t r y p s in .
EXPERIMENTAL
S tu d ie s  o f  th e  sp re a d in g  b e h a v io u r o f chym otrypsin  
and chym otrypsinogen  were made u s in g  a  subphase o f 0 .0 5  
n  p h o sp h a te  b u f f e r ,  0 .1  M KGl, pH 7 -8 . The enzyme was 
made up i n  s o lu t io n  u s in g  0.0001 M HGl. Chymo t r y p s in  
as a  t h r i c e  r e c r y s t a l l i s e d  Sigma p r e p a r a t io n  from  bov ine  
p a n c re a s  produced  l im i t in g  a re a s  o f  0 .2  -  0 .7  m /mg a f t e r
~ 5'^ r ~
one m inu te  and cloymo try p s in o  gen sp re ad  e a s i ly  to  abou t
m"/dng. These p r o t e in s ,  as w ith  th e  o th e r  p r o t e o l y t i c  
enzymes were k e p t,  s to re d  as  d ry  powders i n  a vacuum 
d e s s i c a to r  over calc ium  c h lo r id e .  The a d d i t io n  o f 
s u b s t r a t e s  ATA, ATEE and TEE w ith  and w ith o u t th e  
p re se n c e  o f  calcium  io n s , under a  range  o f  pH c o n d it io n s  
had no in f lu e n c e  on th e  a re a .
However, th e  m ethanol used  to  d is s o lv e  some o f  th e  
s u b s t r a t e s  p roved  to  have a d ram a tic  e f f e c t  on th e  
sp re a d in g  r a t e  o f  b o th  th e s e  p r o te in s .  A 0 .0 5  M pho sp h a te  
b u f f e r ,  0 .1  H KGl, pH 7-8  was used  as subphase and th e  
enzyme s o lu t io n  made up w ith  co ld  0 .00^ li HGl. The 
in f lu e n c e  o f  th e  m ethanol were confirm ed by s e v e ra l  
ex p erim en ts  u s in g  a d d it io n s  o f  m ethanol to  g iv e  th e  
fo llo w in g  r e s u l t s ,  (T ab le  1, F ig . 15)-
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T able 1. -  In f lu e n c e  o f  m ethanol on th e  sp re a d in g  o f  
c liymo try p  s i n .
Subphase
0 . 0 5  M phosphate  
0 .1  11 KGl 
pH 7 . 8
M ethanol
(M)
L im itin g  A rea
p
(m /mg)
1 min 10 min
0 .0 0 . 5 0 . 7 5
0 .0 0 5 0 . 5 0 . 7 5
0.01 0 . 5 0 . 7 5
0 .0 2 0 . 5 0 . 7 2
0 .0 5 0 .41 0 .6 5
0 .1 0 .21 0 . 5 4
0 . 5 0 . 1 5 0 .1 4
1 .0 0 .1 0 0 .1 0
0 .0 0 . 5 0 .6 9
0 .0 2 0 .4 8 0 .6 2
0 .0 5 0 .1 7 —
0 .0 0 .6
1 .0 0 .2
0 .0 0 .5 8
0 .0 2 0 .5 5
0 .0 5 0 . 5 4
0 .0 5 0 . 4 5
0 .0 6 0 .4 6
0 .0 7 0 .4 7
0 .0 9 0 .5 9 5
T able 1 -  Contd.
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Subphase M ethanol L im itin g  Area
(M) (m^/mg)
1 min 10 min
0 .0 5  M T ris-E O l 0 .0 0 .8 7
0 .1  il KGl 0 .0 5 0 .8 7
pE 6 .2 0 .1 0 0 . 7 7  ..
0 .0 5  H T ris-H G l 0 .0 0 .1 2
0 .1  MKGl 0 .0 0 5 0 .1 5
0 .0^  -  Galcium 0.01 0 .1 5
G lilo ride 0 .0 2 0 .1 5
pE 6 .2 0 .0 4 0 .1 2
0 .0 7 0 .0 9
0 .0 8 0 .0 9 5
0 .0 9 0 .0 9 5
0 .0 5  M T ris-H G l 0 .0 0 .0 9 5
0 .1  M KGl 0.01 0 .0 9 9
0.01  H Calcium 0 .0 5 0 .0 8
C h lo rid e 0 .0 5 0 .0 5 2
pE 7 .9 0 .0 6 0 .0 5
0 .0 5  M T ris -E C l 0 .0 0 .5 5
0 .1  H KCl 0 .0 0 5 0 .5 5
pH 7 . 9 0 .0 0 7 0 . 5 2
0.01 0 .5 0
0 .0 2 0 .2 8
0 .0 4 0 .2 6
0 .0 5 0 .2 5
0 .0 7 0 .2 5
0 .0 8 0 .2 5
0 .0 8 0 .2 2
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The p re c u r s o r ,  chymo try p s in o  gen, u s in g  0 .0 5  M 
p h o sp h a te  b u f f e r ,  0 .1  II KOI pH 7 .8  subphase c o n ta in in g  
10 calc ium  c h lo r id e  produced  a b la n k  a re a  o f  1 .2 5  m^/mg 
a t  1 min reduced  to  0 .2 5  m^/mg on a d d i t io n  o f  0 .5  M 
m ethano l. R e s u lts  ga ined  w ith  th e  p re c u r s o r  on a sub­
phase  pH 6 .2  and in  th e  absence o f  ca lc ium  c h lo r id e  gave
p
5 min b la n k  o f  1 .0  m /mg reduced  to  0 .8 7  by 0 .0 5  M
p
m ethanol and to  0 .77  21 /mg w ith  0 .1  M m ethano l.
U sing 0 .0 5  M s - b u ty l  a lc o h o l a chymo t r y p s in  f i lm
p  o
a re a  o f  0 .2 7  m /mg was reduced  to  0 .0 6  m /mg in d ic a t in g  
t h a t  th e  h ig h e r  a lc o h o ls  a re  l i k e l y  to  p roduce  even 
l a r g e r  e f f e c t s .  A p l o t  o f th e s e  v a r io u s  m ethanol 
in f lu e n c e s  i s  shown i n  F ig . 15- The in f lu e n c e  o f  ca lc ium  
c h lo r id e  and pH change on th e  f i lm  p r o p e r t i e s  o f  b o th  
chymo t r y p s in  and chymo try p s in o  gen i s  shown in  F ig . 14- 
u s in g  a T r i s -HOI subphase . B oth p r o te in s  showed l i t t l e  
re sp o n se  to  a d d it io n s  o f  calc ium  c h lo r id e  on a  ph o sp h a te  
b u f f e r  subphase .
The enzyme was assay ed  by d e te rm in in g  th e  r a t e  o f  
h y d ro ly s is  o f  L -b e n z o y l-L - ty ro s in e  e th y l  e s t e r  (BTEE) 
o bserved  a s  a change i n  abso rbancy  a t  256 lap.
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2 .2 . TRYPSDT MB TRIPSINOGEN 
E.G. 3 . 4 , 4 . 4 ,
INTRODUCTION
Trypsin (m. wt. 23,800) hyd ro lyses p e p t id e s , amides 
and e s t e r s ,  w ith  a pH range o f  7 -  9* Galcium io n s  
a c t iv a te  t h i s  enzyme which i s  s ta b le  fo r  months as a dry 
powder a t 3° 0 , or when kept in  s o lu t io n  a t pH $ .0 .
I t  can undergo r e v e r s ib le  d é n a tu ra t io n  by h e a t .  S o lu tio n s  I
a t  above pH 5-0  have a s tro n g  ten d en cy  to  a u to ly s e . I t  
h as  o n ly  a  weak a c t io n  on n a t iv e  p r o te in s  and i s  p a r t i a l l y  
i n h ib i t e d  by ca lc ium  c h lo r id e  a t  c o n c e n tra tio n s  g r e a te r  
th a n  0 .0 2  M. Removal o f  i n e r t  p r o te in  makes t r y p s in  
p r e p a r a t io n s  ap p ear homogeneous, b u t th e  enzyme has been  
s e p a ra te d  in to  th r e e  components e le c t r o p h o r e t i c a l l y .
T ry p sin o g en , th e  p re c u r s o r  p r o t e in  o f  t r y p s in ,  i s  
a c t iv a te d  by mould p r o te in a s e s ,  e n te ro k in a s e s  and t r y p s in ,  
th e  l a t t e r  s p l i t t i n g  a  s in g le  p e p tid e  bond, l i b e r a t i n g  a 
h e x a p e p tid e . In  th e  p re sen c e  o f  s u f f i c i e n t  c a lc irm  o r  
s tro n tiu m  io n s  a t  pH 7-8  th e  c o n v e rs io n  goes to  co m p le tio n , 
b u t ,  i n  t h e i r  absence i n e r t  p ro d u c ts  a re  form ed.
EXPERIHENTAIi
S tu d ie s  w ith  t h i s  enzyme used  a  Sigma p r e p a r a t io n  
r e c r y s t a l l i s e d  from  bovine p a n c re a s . The l im i t i n g  a re a s  
found on a  subphase o f  0-1 M Na-K p h o sp h a te , 0 .3  M NaGl,
p
pH 7 . 4  were approxim ately 0 .3 3  m /mg a f te r  one m in u te .
A ttem pted  s o lu t io n  o f  th e  enzyme i n  60% (7 /7 )  i s o -p ro p a n o l-  
,w a te r caused  com plete p r e c i p i t a t i o n  o f  th e  p r o te in .  A
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c le a r  s o lu t io n  was o b ta in e d  w ith  30% (V/V) is o -p ro p a n o l  -  
w a te r  w liich produced th e  l im i t in g  a re a  0 .6 3  m^/mg. 
T hroughout, as w ith  chymo t r y p s in ,  th e  enzyme p re c u r s o r  
t ry p s in o g e n  tended  to  g ive  g r e a te r  l im i t in g  a re a s  (T ig . 13)
A d d itio n s  o f  th e  s u b s t r a t e ,  BAMA, to  th e  subphase 
gave an in c re a s e  i n  l im i t in g  a re a  and a le s s e n in g  o f  th e  
f i lm  e l a s t i c i t y .  These f e a tu r e s  were shown to  be due to  
th e  s u r fa c e  a c t i v i t y  o f  th e  s u b s t r a te  r a t h e r  th a n  to  an 
enzym e-subs t r a t e  i n t e r a c t io n .  A s im i la r  e f f e c t  was 
re c o rd e d  w ith  th e  n a tu r a l  t r y p s in  i n h i b i t o r  ovomucoid 
p re p a re d  from  h e n 's  eggs (Tomimatsu 1966) w hich i t s e l f  
p o sse s se d  f i lm  form ing  p r o p e r t i e s .  S tu d ie s  u s in g  s e v e ra l  
d i f f e r e n t  s u b s t r a t e s  a t  10"^ M c o n c e n tra tio n ^  e .g .  BAA,
BAII3 and th e  two p e p s in  s u b s t r a te s  N-G BZ-L-glutam yl-L- 
pheny 1 a la n in e  and N -G B Z -L -g lu tam yl-L -ty rosine . These 
l a t t e r  th r e e  a re  w a te r  s o lu b le ,  a lth o u g h  a l l  f a i l e d  to  
p roduce  f i lm  changes d e s p i te  a  v a r i e ty  o f  c o n d it io n s ,  in  
p a r t i c u l a r  th e  p re se n c e  o f  calc ium  c h lo r id e .  E xperim ents 
w ith  e i t h e r  subs t r a t e -enzyme p re in c u b a t io n  o r  i n j e c t i o n  o f  
s u b s t r a t e  b e n e a th  th e  f i lm , confirm ed th e  absence o f  sub­
s t r a t e  e f f e c t s .  S im ila r  r e s u l t s  were o b ta in e d  when th e  
more s t a b le  enzyme s o lu t io n s  i n  0 .001 H h y d ro c h lo r ic  a c id  
were used  (T ab le  I I ) .
I n v e s t ig a t io n  o f  th e  p o s s ib le  in f lu e n c e s  o f  a c t iv a t in g
c a t io n s  were s tu d ie d  by th e  in c lu s io n  o f ca lc ium  c h lo r id e  
i n  a  0 .0 3  H T ris-H G l, 0 .6  M KGl pH 7 .8  subphase , -which 
p roduced  marked a re a  r e d u c t io n  w ith  t r y p s in  f i lm s  and a 
reduced  s e n s i t i v i t y  to  te m p e ra tu re  changes. L im itin g  a re a s
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2
o f  0. ^ m /mg were p r o g re s s iv e ly  reduced  w ith  in c r e a s in g  
ca lc ium  c h lo r id e  c o n c e n tra tio n . T y p ica l r e s u l t s  a re  
ex p re ssed  i n  F ig . 16 as p e rc e n ta g e  change o f  th e  s ta n d a rd  
a re a ,  showing a  peak  o f  sp read in g  i n l i i h i t i o n  a t  a p p ro x i­
m a te ly  0 .1  H calcium  c h lo r id e . On th e  assum ption  t h a t  
th e  a sce n d in g  lim b o f  th e  g raph  in  F ig . 16 i s  n o t
in f lu e n c e d  g r e a t ly  by any n o n - s p e c i f ic  e f f e c t  o f  io n ic
s t r e n g th ,  a  f ig u r e  o f  about 10~^ M (F ig . 1?) i s  o b ta in e d  
f o r  th e  r e a c ta n t  c o n s ta n t  o f calc ium  and t r j p s i n .  O ther 
m e ta l io n s  e .g .  11^"’ ; Zn"^  ; ; Fe^'"; f a i l e d  to
p roduce  f i lm  changes and bov ine  serum album in f i lm s  
showed no re sp o n se  to  calcium  c h lo r id e .
T ry p s in  was assay ed  u s in g  1 .5  mg/ml p r o t e in  i n  0 .001 
II HOI, th e  s to c k  s u b s t r a te  s o lu t io n  b e in g  8 mg/ml BAHA 
i n  m eth an o l. A 1 :25  d i lu t i o n  o f  t h i s  s to c k  s o lu t io n  was 
made u s in g  0 .0 5  H, T ris-H G l, 0 .0 2  M calcium ' c h lo r id e ,  
pH 8 .1 ,  b u f f e r .  C u v e tte s  c o n ta in e d : 
t e s t  b lan k
0 .0 2  ml enzyme 0-02 ml 0 .00^ li HOI
2 .0  ml BAHA 2 .0  ml BAHA
0 .9 8  ml b u f f e r  0 .9 8  ml b u f f e r
Changes i n  abso rbancy  a t  280 m^ i f o r  5 min were re c o rd e d .
The m ethanol used  to  d is s o lv e  th e  BAHA appeared  to  
have no in f lu e n c e  on th e  p r o t e in  f i lm  even when f u r t h e r  
a lc o h o l a d d it io n s  up to  0.1-5 H m ethanol were made. In  
l a t e r  ex p erim en ts  u s in g  th e  h y d ro c h lo r ic  a c id  -  enzyme
s o lu t io n s  which gave sm aller l im i t i n g  areas on 0 .0 5  M
\
T ris -H G l, 0 .1  M ECl, pH 7-8  sub p h ase , a h in t  o f  s e n s i t i v i t y
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tow ards th e  p re sen c e  o f  0-57 M m ethanol and d e f i n i t e  a re a  
r e d u c t io n s  w ith  f u r th e r  a d d it io n s  o f 0 .4  li e th a n o l and 
0 .4  n  s - b u ty l  a lc o h o l were re c o rd e d , (T ab le  I I I ) .
T able I I I  -  M ethanol in f lu e n c e  on t r y p s in  f i lm s
T ry p s in + + -i-
T rypsinogen + +
Subphase 0. 05 il T ris-H C l, 0 ." M EC]
Subphase pH 6 .0 6 .0 6 .0 7 . 8 7-8 7-8
Calcium  C h lo rid e  (M) 0.01 0.01 0.01 0 .0 0 .0 0 .0
S u b s tra te 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
' ' . ....... . .......  —  ... . ' '
L im itin g  A rea (m'^/mg) 
w ith o u t a lc o h o l 0 .2 0 .2 0 .2 0 .2 0 .2 0 .2
L im itin g  A rea (m"^/mg) 
w ith  a lc o h o l 0 .1 7 0 .0 7 0 .0 4 0 .1 8 0 .1 7 0 .0 9 5
Change i n  A rea due 
to  a lc o h o l 0 .0 5 0 .1 5 0 .1 6 0 .0 2 0 .0 5 0 .0 4
M ethanol (M) 0 . 5 0 . 7 1 .4 0 . 5
E th a n o l (M) +0 • 4
S e c -b u ta n o l (M) + 0 .4
The e f f e c t  o f  tem p era tu re  change showed a l im i t in g  
a re a  o f  O .5I m^/mg a t  11° C in c re a s e  to  0 -5  m^/mg a t  25° 0, 
F ig , 18 shows a r e l a t io n s h ip  to  te m p e ra tu re  change and 
d e m o n s tra te s  th e  im portance  o f te m p e ra tu re  c o n tr o l .
S tu d ie s  u s in g  th e  autom ated a p p a ra tu s  w ith  th e  enzyme 
d is s o lv e d  i n  0 .001 H EOl f o r  g r e a te r  s t a b i l i t y  a g a in s t  
a u to l y s i s ,  showed an i d e n t i c a l  re sp o n se  to  th e  p re sen c e
o f  c a lc iu m  c h lo r id e .
ïI
o>*f*
Fig 18. Effect of temperature change on spreading of trvpsin 
Subphase: 0.05 M Tris-HCl, 0.1 M KCl, pH 7.8.
Fig 19» Transients of magnetic float for trvpsin film on
flubphases with various pH values. 
Subphases: A. 0.05 M Tris-HCl, 0.1 M KCl,pH 8.2.,
B. 0.05 M Tris-HGl, 0.1 M KCl, pH 6.0,
C. 0.05 M Tris-HCl, 0.1 M KCl, pH 5.0.
D. 0.05 M Tris-HCl, 0.1 M KCl, pH 6.7.
Surface pressure: 10 dynes/cm.
Stress on float: 0.56 mg.wt.
IFig 20. Transients of magnetic float for trypsin films spread on
subphases containing CaCl_.
Subphase: o\o3 M Tris-HCl, 0.1 M KCl, pH 7.8.
Added CaClg: A. 1 .0 M ; B. C. 10"^M ; D. ; E. 10""% ;
F. 10“^  ; G. Nil.
Surface pressure: 10 dynes/cm.
Stress on float: 1.2 mg.wt.
(He
F ig  21 . S u r fa ce  p o t e n t ia l  o f  tr y p s in  f i lm s  under v a r io u s  s ta g e s
Subphases : A.
B.
C.
of compression* 
0.05 M Tris-HCl, 0.6 M KCl, 10”^M CaCl^.
0.05 M Tris-HCl, 0.6 M KCl.
-2,
0.05 M Tris-HCl, 0.6 M KCl, 10 M CaCl
2 ,
10“^M BAA(lO"& BANA).
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The a s s o c ia te d  e l a s t i c i t y  m easurem ents on tr ;} ^ s in
f i lm s  show i r r e g u l a r  changes due to  pH v a r i a t i o n ,
(P ig , 1 9 ) and p ro g re s s iv e  f i lm  w eakening w ith  in c r e a s in g
calc ium  c h lo r id e  c o n c e n tra t io n  (P ig . 2 0 ), th ro u g h o u t
a re a  r e d u c t io n  and th e  subsequen t e:>ipansion. S u rface
p o t e n t i a l  m easurem ents showed no changes due to  th e
p re se n c e  o f  s u b s t r a te  b u t d id  show a l t e r a t i o n s  due to
added ca lc ium  c h lo r id e  (P ig . 2 1 ), The enzyme was
compared w ith  i t s  p re c u rs o r  t ry p s in o g e n , w hich was
sp read  from  a h y d ro c h lo r ic  a c id  s o lu t io n  onto 0 ,0 5  M
T ris -H C l, 0 ,1  M KGl, pH 8 subphase to  g iv e  a l im i t in g  
2
a re a  o f  0 ,2  m /mg showing com parable s e n s i t i v i t y  to  th e
p re se n c e  o f  calc ium  c h lo r id e ,  0 ,01  li calcium  c h lo r id e
2
re d u c in g  th e  l im i t in g  a re a  to  0 .1 4  m /mg. Enzyme sub­
s t r a t e s  had no in f lu e n c e ,  b u t  th e  p re c u rs o r  d id  show a 
sm a ll s e n s i t i v i t y  tow ards th e  p re sen c e  o f  m ethanol as 
had th e  enzyme f i lm s  sp read  from  an a c id  medium. The 
b e h av io u r o f  th e  two p r o te in s  ov e r a range  o f  pH, w ith  
and w ith o u t calc ium  c h lo r id e  i s  shown i n  P ig . 15-
-  7^ -
2 .3 . PEPSIN MD PEPBII'IOG-SIT 
E.G. 3 - 4 .4 .^ .
INTHOPUGTION
P e p s in  (m. w t. 36 ,000) h y d ro ly se s  p e p tid e s  w ith  an 
optim im  pH range  o f  1 .8  -  $ .8 . P epsinogen  (m. w t. 4 1 ,0 0 0 ) ,
th e  p re c u r s o r  o f th e  enzyme has an i s o - e l e c t r i c  p o in t
o f  3-7  compared to  l e s s  th a n  1 .0  f o r  p e p s in . The enzyme
c o n ta in s  hound p h ospha te  w hich does n o t a f f e c t  a c t i v i t y ,
h u t  p r o t e in  i n h i b i t o r s  e x i s t  and a  number o f  a lc o h o ls  
<
c o m p e ti t iv e ly  i n h i b i t .  The enzyme i s  u n s ta b le  above pH
6 .0 ,  b u t  s t a b le  down to  pH 1 .0 . P epsinogen  a c t iv a t io n  
i s  a u to c a t a ly t i c  below pH 3-3  r e le a s in g  a  p e p s in  
i n h i b i t o r  and f iv e  sm a lle r  p e p tid e s .
EZP'ERIjMELTTAL
The p e p s in  used  was a t w ic e - r e c r y s t a l l i s e d  Sigma 
p r e p a r a t io n  from g a s t r i c  j u ic e s .  Pi1ms were form ed on 
0 .1  li HGl-KGl, pH 1 .7 3  u s in g  p e p s in  d is s o lv e d  in  0-00^
M HGl. D e te rm in a tio n s  o f p r o t e in  c o n c e n tra tio n  were made 
u s in g  th e  P o lin -G io c a lte u  c o lo r im e tr ic  m ethod, s p e c t ro -  
p h o to m e tric  and d ry  w eigh t d e te rm in a tio n s . These 
p ro c e d u re s  were used  th ro u g h o u t t h i s  t h e s i s .  Because o f 
t h e i r  h ig h  ty r o s in e  c o n te n t th e s e  p r o t e o l y t i c  enzymes 
show la rg e  d is c re p e n c ie s  betw een th e  P o lin -G io c a lte u  
( 1927 ) d e te rm in a tio n s  and th e  d ry  w eigh t method so t h a t  
a n a ly se s  have been  based  on th e  l a t t e r .  P epsinogen  was 
d is s o lv e d  i n  double g l a s s - d i s t i l l e d  w a te r , pH 7 -0 .
-  72 -
These s o lu t io n s ,  when sp read  produced l im i t i n g  a re a s  
2
o f  0 .7  m /mg a f t e r  3 ^lin f o r  b o th  p r o t e in s ,  in c r e a s in g  to  
0-73  m^/mg a f t e r  10 min. A d d itio n  o f  th e  p e p s in  sub­
s t r a t e s  N -G B Z -L -glu tam yl-L -phenylalajiine  and h-GBZ-L- 
g lu ta m y l-B - ty ro s in e  to  th e  subphase produced no d e te c t ­
a b le  changes i n  th e  p r o te in  f i lm s  (T ab le  IV ). S tu d ie s  
o f b o th  p r o te in s  over a range o f  pH c o n d it io n s  w ith  and 
w ith o u t 10 ^ li calc ium  c h lo r id e  gave th e  fo llo w in g  
r e s u l t s ,  (T ab le  V, P ig . 22).
T able IV -  The la c k  o f  in f lu e n c e  o f  s u b s t r a te  
on f i lm s  o f  p e p s in  and p ep sin o g en
P e p s in +
P epsinogen + +
Subphase 0 .0 3  H T ris-H G l, 0. 1 H EGl
Subphase pH 7-9 7-9 7-9
Galcium G h lo rid e  (M) ICT^ 10"^ 0 .0
S u b s tra te  M) CBZ-phenyl- a l  an in e
G B Z-glutsm yl-
ty r o s in e
— , - -  ' 2 ' ' 
L im itin g  A rea (m /mg)
w ith o u t s u b s t r a te 0 .8 6 0 .6 0 .3
2
L im itin g  Area (m /mg) 
w ith  s u b s t r a te 0 .8 3 0 .6 0 .3
A rea change due to  
s u b s t r a te 0.01 0 .0 0 .0
-  7/P
T able Y -  The in f lu e n c e  o f  calc ium  on th e  f i lm s  
o f p e p s in  and p epsinogen
P e p s in -1- -i- i- +
P epsinogen '1- -i- -I-
Subphase 0 .1  M HGl-KGl; 0 .0 5  M T ris-H G l 0 .1  M KGl
Subphase pH 1.75 1 .75 5-0 5 .0 7-0 7-0 7-9 7-9
Galcium G hloride(M ) 10-3 10*3 0 .0 0 .0 10-3 10-3 10-3 10 ^
S u b s tra te 0 .0 0 ,0 0 .0 0 .0 0 0 0 .0 0 .0 0 .0
.....  ■ ' ■ '2"'- ■ """
L im itin g  Area(m /mg)
w ith o u t calc ium 0 .7 0 .7 0 .6 2 0 .6 2 0 .1 7 0 .1 4 0 .3 2 0 .8 3
2
L im itin g  Area(m /mg) 
w ith  calc ium 0 .5 7 0 .6 9 - - 0 .3 2 0 .3 2 0 .6 0 .8 6
A rea change due to  
ca lc ium 0 .1 3 0.01 - - 0 .1 5 0 .1 8 0 .2 8 0 .0 3
The e f f e c t  o f m ethanol on th e s e  p r o t e in s ,  u s in g  sub­
p h a ses  o f  0 .1  li HGl-KGl, 0 .01 n  calcium  c h lo r id e ,  pH 1 .? 5  
and 0 .0 5  ïi T ris-H G l, 0 ,1  M KGl, 0 .01 H calc ium  c h lo r id e ,  
pH 7-9  was s tu d ie d . The r e s u l t s  o b ta in e d  w ith  p e p s in  
f i lm s  a re  shown in  P ig . 23. B oth t r y p s in  and chymo t r y p s in  
f i lm s  f a i l e d  to  show changes due to  th e  p re se n c e  o f 
m ethano l under c o n d it io n s  a t  pH 1 .75- Ib e  in f lu e n c e  o f  
n -p ro p a n o l on p e p s in  was even more d ra m a tic , P ig . 23-
DI8GU88I0N
The s u r fa c e  b e h av io u r o f  th e s e  enzymes has been  s tu d ie d  
i n  th e  p a s t  (Jam es, A ugenste in  1966) fo rm ing  th e  s u b je c t  
o f  many o f  th e  e a r l i e r  in v e s t ig a t io n s  o f  enzyme m ono layers , 
due to  t h e i r  rea d y  a v a i l a b i l i t y  as c r y s t a l l i n e  p r e p a r a t io n s .
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Since th e y  a c t  i n  an e x t r a c e l l u l a r  en v iro n m en t, t h e i r  
b io lo g ic a l  w orking c o n d it io n s  a re  n o t v e ry  d i f f e r e n t  
from  th o se  c o n d it io n s  more e a s i l y  p ro v id ed  by in  
v i t r o  ex p e rim e n ts .
P e p s in , and p epsinogen  w hich a t  pH v a lu e s  below 5-0  
i s  c o n v e rted  to  m isc e lla n e o u s  p o ly p e p tid e s  and p e p s in , 
w ere , found to  sp read  r e l a t i v e l y  e a s i l y  a t  pH 1 -75 ,
p
g iv in g  l im i t i n g  a re a s  (0 .7  m /mg) v e ry  s im i la r  to  th o se  
re p o r te d  f o r  p e p s in  Gheesman, S c h u lle r  ( ig ^ 4 ) .  These 
v a lu e s  show t h a t  th e  p r o te in  i s  e s s e n t i a l l y  u n fo ld ed  
a f t e r  5 m in. The pH c o n d it io n s  v a ry  th e  deg ree  o f 
sp re a d in g  c o n s id e ra b ly , th e  enzyme and i t s  p re c u r s o r  
p o s s ib ly  showing d i f f e r e n t  re sp o n se s  tow ards h ig h  pH 
v a lu e s . As th e  c o n d it io n s  become n e u t r a l ,  th e  p re c u r s o r  
a p p ea rs  more s ta b le  th a n  th e  enzyme, a lth o u g h  th e  a b i l i t y  
to  sp re ad  has been  reduced  c o n s id e ra b ly  i n  b o th  c a se s , 
w ith  a  minimum a t  ap p ro x im ate ly  pH 6 .5 - Once a lk a l in e  
c o n d it io n s  p r e v a i l ,  th e  t e r t i a r y  s t r u c tu r e  o f  th e  enzyme 
i s  ex tre m e ly  l a b i l e  and th e  p r o t e in  r a p id ly  a t t a i n s  a 
s t a t e  o f  com plete u n fo ld in g  w hereas th e  p re c u r s o r  ap p ea rs  
to  r e t a i n  i n t e g r i t y  over a w ider ra n g e . More re a d in g s  
a re  n e c e s s a ry  to  confirm  t h i s  f a c t .  I n  c o n t r a s t  to  p e p s in , 
th e  t r y p s i n  and chym otrypsin  cu rv es fo llo w  a more g ra d u a l 
r e d u c t io n  i n  a b i l i t y  to  sp read  w ith  in c r e a s in g  pH, b o th  
cu rv es  b e in g  o f  a s im i la r  form u n t i l  pH 6.5»
At t h i s  pH, chym otrypsin  te n d s  to  become l e s s  s ta b le  
i n  th e  absence o f calcium  c h lo r id e .  T ry p sin  rem ains s ta b le  
w e ll  in to  th e  a lk a l in e  pH range  b u t a l l  th r e e  enzymes
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r e a c h  an approxim ate  sp re ad in g  minimum a t  pH 6 .6 .  I t  
i s  p o s s ib le  t h a t  more r e s i s t a n c e  to  d e s t r u c t io n  i s  
e x h ib i te d  by th e  p re c u rs o r s  th a n  th e  two enzymes a t  
h ig h e r  pH v a lu e s .  These o b s e rv a tio n s  a re  i n  agreem ent 
w ith  th e  known b e h av io u r o f  p e p s in , i . e .  i t s  i n s t a b i l i t y  
above pH 6 .0  and th e  au to  c a t a l y t i c  a c t iv a t io n  o f 
p e p s in o g en  below pH 5»5»
The e f f e c t  o f  pH i s  m o d ified  by th e  p re se n c e  o f  
ca lc ium  c h lo r id e .  The ap p a ren t d e s t a b i l i s i n g  in f lu e n c e  
o f  th e  m e ta l io n  on p epsinogen  a t  h ig h e r  pH v a lu e s ,  i f  
t r u e ,  i s  a t  f i r s t  g lan ce  i n  c o n tr a s t  to  th e  b e h av io u r o f  
t ry p s in o g e n  and chym otrypsinogen, b u t o b v io u s ly  a  complex 
i n t e r a c t i o n  i s  in v o lv e d  and more d a ta  a re  r e q u ire d  to  
c l a r i f y  th e  s i t u a t i o n .  What does seem i n t e r e s t i n g  i s  
t h a t  th e  s t a b i l i s a t i o n  by calc ium  o ccu rs  i n  th e  re g io n  
o f  th e  optimum pH f o r  enzyme a c t i v i t y ,  i . e .  p e p s in  a t  
pH 1 - 2 ,  t r y p s in  a t  pH 7-0  and chymo t r y p s in  a t  pH 8 .0 .
The e f f e c t  o f  v a r i a t i o n  in  calc ium  c h lo r id e  c o n c e n tra t io n  
h as o n ly  been  com pleted f o r  th e  r e a c t io n  w ith  t r y p s in  f i lm s ,  
w hich show a peak  o f  s t a b i l i t y  a t  0 .1  M calc ium  c h lo r id e .  
Chervenka (I9 6 0 ) c a r r ie d  o u t s tu d ie s  on u re a  d é n a tu ra t io n  
o f  cbymo try p s in o  gen in c lu d in g  th e  invo lvem ent o f  calcium  
c h lo r id e  d e m o n s tra tin g  th e  co m p lex ity  o f th e  r e l a t i o n s h ip  
betw een  calc ium  and th e  s t r u c tu r e  o f  t l i i s  p r o te in .
The in f lu e n c e  o f calcium  on th e  sp re a d in g  r a t e  
s u g g e s ts  t h a t  in  th e  c a lc iu m -a c tiv a te d  c o n v e rs io n  o f  th e  
p r e c u r s o r  to  an enzyme, calcium  io n s  may c o n tro l  th e  
c o n f ig u r a t io n a l  changes o f  th e  p r o t e in  m o lecu le .
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These s ix  p r o te in s  have a ls o  shown a m ost i n t e r e s t i n g  
re sp o n se  to  th e  p re sen c e  o f  m ethanol and h ig h e r  a lc o h o ls  
i n  th e  suhphase . Gliymotrypsin and p e p s in  a re  v e ry  s im i la r  
i n  t h e i r  s e n s i t i v i t y ,  b u t t r y p s in  i s  much l e s s  a f f e c te d  
by th e  p re se n c e  o f  m ethano l. E a r ly  in d ic a t io n s  a re  t h a t  
th e  h ig h e r  a lc o h o ls  have an even more marked e f f e c t  on 
th e  a b i l i t y  to  sp re ad . These e f f e c t s  appear to  be marked 
i n  th e  r e g io n  o f  th e  optimum pH f o r  enzyme a c t i v i t y .
One m igh t su g g e s t t h a t  a lc o h o ls  ten d  to  s t a b i l i s e  an 
a c t iv e  co n fo rm a tio n  o f  th e se  enzymes o r  induce  an a c t iv e  
c o n fo rm a tio n  to  th e  p r o te in  s t r u c tu r e .
T h is id e a  has o b ta in e d  su p p o rt from  in c re a s e d  
chymo t r y p s i n  a c t i v i t y  due to  th e  p re sen c e  o f  a lc o h o ls  
s u b se q u e n tly  re c o rd e d , ( I .A . K night p e rs o n a l  com m unication), 
T ry p s in  and chymo t r y p s in  b o th  f a i l e d  to  respond  to  m ethanol 
a t  pH 1 .7 5  w hereas p e p s in  showed th e  maximum re sp o n se  a t  
t h i s  pH. G hym otrypsin was p a r t i c u l a r l y  s e n s i t iv e  a t  
pH 7*8 and p e p s in  b a re ly  so .
A ll t h i s  d a ta ,  th e  d if f e r e n c e  betw een t r y p s in  and th e  
o th e r  two enzymes, and th e  a p p a re n t concern  w ith  th e  a c t iv e  
s i t e ,  p e rh a p s  in d ic a te s  th e  invo lvem ent o f  th e  a lc o h o l 
m o le cu le s  w ith  an 'a c t i v e '  s i t e  d i s t in g u is h a b le  from th e  
subs t r a t e -enzyme a c t iv e  c e n tr e ,  b u t ,  c lo s e  enough to  
in f lu e n c e  th e  c a t a l y t i c  s i t e  s t r u c tu r e  when b in d in g  o c c u rs . 
The s p e c i f i c i t y  o f  chymo t r y p s in  and p e p s in  i s  known to  
r e q u i r e  hydrophobic  s id e  ch a in s  w hereas t r y p s in  a c t i v i t y  
r e q u i r e s  a b a s ic  s id e  c h a in . These s p e c i f i c i t y  
re q u ire m e n ts  may in d ic a te  th e  i n s e r t i o n  o f  th e  hydrophob ic  
group in to  th e  p r o te in ,  c r e a t in g  s t r u c t u r a l  changes and
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s t a o i l i k j .  These changes would be seen  to  enhance th e  
enzyme a c t i v i t y ,  i . e .  change th e  a c t iv e  s i t e  s t r u c tu r e .
I f  t h i s  i s  so , th e n  th e  in f lu e n c e  o f th e  a lc o h o l may 
be due to  a s im i la r  p e n e t r a t io n  and s t a b i l i s a t i o n .
These c o n c lu s io n s  a re  i n  l in e  w ith  th e  work o f 
Inagam i and llu ra c h i (1964). They r e p o r t  th e  p o s s i b i l i t y  
o f  two b in d in g  s i t e s ,  th e  s p e c i f i c i t y  s i t e  and th e  
c a t a l y t i c  s i t e .  They r e p o r t  t h a t  th e  b in d in g  o f  th e  
s p e c i f i c i t y  s i t e  i s  u n a ffe c te d  by th e  fu n c t io n in g  o f  
th e  c a t a l y t i c  s i t e ,  b u t ,  b in d in g  a t  th e  s p e c i f i c i t y  
s i t e  v a r i e s  th e  a c t i v i t y  o f  th e  c a t a l y t i c  s i t e .  These 
s tu d ie s  in v o lv e d  th e  b in d in g  o f  th e  a lk y l  ammonium io n  to  
th e  s p e c i f i c i t y  s i t e  and th e  whole ev idence  le n d s  f u r t h e r  
w e igh t to  th e  induced  f i t  th e o ry  o f Thoma and K oshland 
(1 9 6 0 ). T ry p s in  i s  v e ry  s p e c i f i c  w ith  re g a rd  to  le n g th  
o f  hyd rocarbon  c h a in  o f  s u b s t r a te  and b a s ic  s id e  c h a in s  
in d u ce  v e ry  r i g i d  s u b s t r a te  s p e c i f i c i t y .  T ry p s in  d id  
show v e ry  s l i g h t  s e n s i t i v i t y  tow ards th e  p re sen c e  o f  
m ethano l when sp read  from an a c id  s o lu t io n ,  however th e s e  
c o n s id e ra t io n s  do g iv e  r i s e  to  some e x c i t in g  ex p erim en ts  
t h a t  cou ld  be c a r r ie d  o u t . I t  i s  no tew orthy  t h a t  p e p s in  
i s  s t a b i l i s e d  by a lc o h o ls  under c o n d it io n s  v e ry  fa v o u ra b le  
to  u n fo ld in g . The calc ium  in f lu e n c e  on t r y p s in ,  chymo-  
t r y p s in  and t h e i r  p re c u r s o r s  i s  one o f  s t a b i l i s a t i o n  a t  
pH g r e a t e r  th a n  6 .0 ,  w hereas p e p s in  i s  s t a b i l i s e d  a t  low 
pH. There i s  i n s u f f i c i e n t  ev idence  f o r  any r e l a t i o n s h ip  
to  be drawn betw een th e  e f f e c t s  o f th e  a lc o h o ls  and ca lc ium  
on enzyme s t a b i l i t y .  U n fo r tu n a te ly  no s i g n i f i c a n t  e l a s t i c i t y  
m easurem ents have been  de te rm ined  in  th e  p re se n c e  o f  a lc o h o l ,  
bu t', i t  m igh t be expected  t h a t  hydrophobic  b in d in g , o r ,  a t
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g r e a t e r  c o n c e n tra t io n s , th e  le s s e n in g  o f  w a te r - p r o te in  
l in k s  i n  fa v o u r o f p r o te in - p r o te in  bonds would have a 
la r g e  e f f e c t  on g e la t io n  and e l a s t i c i t y .
g'
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CHAPTER THREE 
EHZYHE8 OP THE GLYQOLTTIC 8EQUEHCE
INTRODUCTION
The g ly c o ly t ic  sequence o f  enzyme r e a c t io n s  e n a b le s  
c e l l s  to  c o n v e rt g lu co se  to  p y ru v a te . The f i n a l  p ro d u c t 
i s  o f te n  m o d ified  by a v a r i e ty  o f r e a c t io n s  and con­
d i t i o n s ,  e .g .  c o n v e rtin g  p y ru v a te  to  e th a n o l and COg in  
th e  a lc o h o l ic  fe rm e n ta tio n  by y e a s ts  and to  l a c t a t e  in  
m u sc le s . The v e ry  wide o ccu rren ce  o f  t h i s  pathw ay has 
le d  to  th e  enzymes o f  th e  pathw ay b e in g  o f te n  v e ry  w e ll 
docum ented. Deal e t  a l .  (1965) have in  f a c t  made a 
d e ta i l e d  s tu d y  o f  th e  co m p aritiv e  ch em is try  o f  th e  
g ly c o ly t ic  enzymes, some o f which a re  s tu d ie d  below .
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5 .1 . ÆDOLASE 
E.G. 4 .1 .2 .7 .
K e to se-1 -p h o sp h a te  aldehyde ly a s e
INTRODUCTION \
T his enzyme (m. w t. 158,000) c a ta ly s e s  th e  r e a c t io n  
f ru c to s e -1 ,6 -d ip h o s p h a te  = d ihydroxyacetone  pho sp h a te  + 
D -g Iy c e ra ld e h y d e-5 -p h o spha te  a t  an optimum pH 7 .0 .
I t  a p p e a rs  to  c o n s is t  o f fo u r  p o ly p e p tid e  c h a in s , 
p o s s ib ly  a s  a com bination  o f  two d i f f e r e n t  s u b - u n i t s ,  
a lth o u g h  fo u r  s u b -u n i ts  w ith  as many a c t iv e  s i t e s  have 
been  su g g e s te d . The enzyme c o n ta in s  two p h o sp h a te -b in d in g  
s i t e s .  U n like  o th e r  a ld o la s e s  th e  m uscle enzyme i s  n o t 
a m é ta llo  enzyme, b u t  may be in h ib i te d  by c h e la to r s  such 
a s  0 -p h e n a n th ro l in e , heavy m eta l io n s , ATP and s u b s t r a te  
a n a lo g u e s , a s  w e ll a s  f r u c to se -6 -p h o s p h a te , in o rg a n ic  
p h o sp h a te  and p y ro p h o sp h a te . I t  i s  i r r e v e r s i b l y  d e n a tu red  
w ith  a p p a re n t m o le cu la r  d i s s o c ia t io n  a t  pH v a lu e s  l e s s  
th a n  4 . 5 . A c r y s t a l l i n e  su sp en s io n  under 0 .5 2  s a tu r a te d  
ammonium s u lp h a te ,  pH 7 . 6 , i s  s t a b le  f o r  a t  l e a s t  6 m onths 
a t  2 -  5° C. At pH 6 .0  th e re  i s  no d e te c ta b le  d e c re a se  
i n  a c t i v i t y  i n  tw elve  m onths.
EXPERIMENTAI
A. L a b o ra to ry  P rep ared  Enzyme
The enzyme used  i n i t i a l l y  was p re p a re d  and r e c r y s t a l l i s e d  
from  r a b b i t  m uscle a cco rd in g  to  R apoport (1965) w hich
p ro v id e s  a pH c o n d it io n  o f  7*5 fon  th e  l a t t e r  and 
p ro v id e s  f o r  s to ra g e  under 2 M ammonium s u lp h a te .  An
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a l t e r n a t iv e  method o f  c r y s t a l l i s a t i o n  i s  p o s s ib le  by w hich 
th e  p r o t e in  i s  d is s o lv e d  i n  d e io n ise d  water-EDTA s o lu t io n  
a t  pH 5-7 and th e  pH m ain ta in ed  below pH 6 .0  th ro u g h o u t. 
The enzyme under th e s e  c o n d it io n s  w i l l  c r y s t a l l i s e  i n  a 
b ip y ra m id a l form , c o n tr a s t in g  w ith  th e  n e ed le  form 
o b ta in e d  a t  pH 7-5« O ther c r y s t a l l i n e  form s e x i s t ,  
e .g .  p l a t e l e t s .  These d i f f e r i n g  form s a re  o f  i n t e r e s t ,  
s in c e  com m ercial enzymes, p re p a re d  by th e s e  d i f f e r e n t  
p ro c e d u re s , have shown m arkedly  d i f f e r e n t  s t a b i l i t y  
c h a r a c t e r i s t i c s  a t  th e  a i r - w a te r  i n t e r f a c e .
The a ld o la s e  a c t i v i t y  was de te rm ined  by a  method 
based  on th e  Boyer m o d if ic a t io n  (W orth ing ton  D ata s h e e t)  
o f  th e  hydrazone a ssa y  o f Jag an n a th an  (1956) i n  w hich 
5 -p h o sp h o g ly cera ld eh y d e  r e a c t s  w ith  h y d raz in e  to  form a 
hydrazone w ith  an a b s o rp t io n  band a t  240 ay..
The r e a g e n ts  used  w e re :-
( i )  Enzyme d i lu te d  w ith  w a te r , so t h a t  0 .1  ml
s o lu t io n  c o n ta in s  4 pg (^280 ^  = mg/ml)
( i i )  0 .0 1 2  H EDP (Sodium s a l t ) .
( i i i )  0 .0035 M H ydrazine su lp h a te  i n  0.0001 H
EDTA, pH 7 . 5 .
The r e a c t io n  i s  c a r r i e d  o u t i n  3 ml c u v e t te s  a t  25° C v iz .
C u v e tte  T es t B lank
H ydrazine 2 .0  ml 2 .0  ml
S u b s tra te  1 .0  ml
W ater -  1 .0  ml
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The change in  a b s o r p t iv i ty  (An) a t  240 a y  i s  re c o rd e d  ov e r
10 m in. To th e  t e s t  c u v e tte  i s  added th e  enzyme (0 .1  m l)
and th e  a b s o r p t iv i ty  a t  240 my. a g a in  re c o rd e d . The
d if f e r e n c e  betw een th e  two r a t e s  o f  change e n a b le s  th e
enzyme a c t i v i t y  to  be ex p re ssed  as
U nits/m g p r o t e in  /  min
540
mg p r o t e i n /  ml r e a c t io n  m ix tu re .
The l im i t i n g  a re a s  f o r  sp read  a ld o la s e  v a ry  betw een 
0 .0 8  and 1 .0  m /mg, depending  on th e  sou rce  o f  th e  enzyme 
and th e  sp re a d in g  c o n d it io n s .  U sing my own p re p a ra t io n s  
w ith  a c t i v i t i e s  o f  2 -  7 u n i t s / a g  th e  sp re a d in g  s o lu t io n  
was made by d is s o lv in g  a p e l l e t  o f  th e  enzyme c r y s t a l s ,  
l i g h t l y  c e n tr ifu g e d  from  a sam ple o f  th e  s to c k  su sp e n s io n , 
i n  10"^ M EDTA, pH 7 -0 . S tock  p r o t e in  c o n c e n tra t io n s  were 
d e te rm ined  by d ry  w eigh t and th e  E o lin -C io c a lte u  m ethod.
The subphase , u n le s s  o th e rw ise  s t a te d  was 0 .01  M T ris-H G l, 
0 -6  M KGl, pH 7-0" The s u b s t r a t e ,  f r u c to s e - 1 ,  6 -d ip h o sp h a te  
(EDP) was d is s o lv e d  i n  a minimum o f  subphase , added to  th e  
tro u g h  and th o ro u g h ly  d is p e r s e d .
These la b o r a to r y  a ld o la s e  p r e p a r a t io n s  gave l im i t in g  
a re a s  o f  0 -7  -  1 .0  m /mg. A f r e s h  enzyme s o lu t io n  was made 
up d a i ly ,  p ro d u c in g  c o n s ta n t  l im i t i n g  a re a s  w ith in  th e  above 
ra n g e , b u t ,  v a r ia b le  a re a s  were re c o rd e d  f o r  d i f f e r e n t  
s o lu t io n s  from  th e  same enzyme s to c k  and from  d i f f e r e n t  
enzyme s to c k . S p read ing  was a ls o  made d i f f i c u l t  by  th e  
a f f i n i t y  o f  th e  p r o t e in  f o r  th e  sy r in g e  s u r f a c e s .  The 
a re a s  were g e n e ra l ly  rec o rd ed  a f t e r  5 m in .sp re a d in g  tim e
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a lth o u g h  a check on th e  in f lu e n c e  o f  sp re a d in g  tim e showed 
t h a t  f i lm s  a re  s u b s ta n t i a l ly  formed in  l e s s  than. 10 
seconds. When t h i s  enzyme m a te r ia l  was sp read  i n  th e  
p re se n c e  o f  s u b s t r a te  th e re  was a c o n fu s io n  o f r e s u l t s  
w hich d em o n stra ted  a re a  r e d u c t io n , lo w erin g  o f  f i lm  
e l a s t i c i t y ,  b o th  o r  sim ply  no e f f e c t  a t  a l l .
A ttem pts were made to  c o n tro l  th e  deg ree  o f  s u r fa c e  
d é n a tu r a t io n  by r e s t r i c t i n g  th e  a v a i la b le  s u r fa c e  a re a . 
S tu d ie s  o f  th e  su r fa c e  p re s s u re s  e x e r te d  by th e  sp read  
f i lm s  f o r  a  g iv en  a re a  showed a tendency  f o r  th e s e  to  
d im in ish  and f o r  th e  accompanying e l a s t i c i t i e s  to  weaken 
i n  th e  p re se n c e  o f  FDP (T ab le  V I).
L a b o ra to ry  p re p a re d  enzyme and an o ld  Sigma p r e ­
p a r a t io n  showed t h a t  th e  w e ll known in c re a s e  i n  f i lm  
e l a s t i c i t y  w ith  f i lm  age was p o s s ib ly  d e lay ed  i n  th e  
p re se n c e  o f  s u b s t r a t e .  In  view o f  th e  many v a r ia b le s  
e .g .  s u r fa c e  p r e s s u r e ,  f i lm  age and a p p lie d  s t r e s s ,  v e ry  
e x a c t e x p e r im e n ta tio n  i s  re q u ire d  to  confirm  a r e a l  d e la y  
in  th e  ag e in g  e f f e c t  over and above th e  a p p a re n t w eakening 
in f lu e n c e  (T ab le  V II ) .
More c o n s is ta n t  sp re a d in g  b eh av io u r was observed  w ith  
th e  aged Sigma a ld o la s e ,  in d eed  th e  l im i t in g  a re a s  h in te d  
a t  a  p o s s ib le  c o r r e l a t io n  betw een enzyme a c t i v i t y  and 
sp re a d in g  b e h a v io u r , t h i s  b e in g  more f u l l y  in v e s t ig a te d  w ith  
f r e s h  enzyme sam ples. These p re l im in a ry  s tu d ie s  a ls o  showed 
t h a t  f i lm  p r o p e r t i e s  may be changed by su rro u n d in g  pH and 
te m p e ra tu re , l a t e r  confirm ed by more d e ta i l e d  i n v e s t i g a t io n  
u s in g  th e  B o eh rin g er enzyme (P ig . 2 4 ). I n v e s t ig a t io n  o f
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tlie  e f f e c t  o f  r a i s i n g  th e  ECl c o n c e n tra tio n  i n  th e  suh - 
phase  showed t h a t  sp re ad in g  r a t e s  o f  th e  p r o t e in  in c re a s e d ,  
in f lu e n c in g  f i lm  c h a r a c t e r i s t i c s  and i n t e r a c t io n s .
B. Commercial Enzymes
I n v e s t ig a t io n s  co n tin u ed  w ith  improved a p p a ra tu s  and 
f r e s h  com m ercial enzjcne sam ples from Sigma and B o eh rin g e r.
The b e h a v io u r o f  th e s e  p re p a r a t io n s  p roved  to  be v e ry  
d i f f e r e n t  from  t h a t  o f  th e  p re v io u s , aged , Sigma m a te r ia l .  
These Sigma enzyme sam ples p o sse sse d  h ig h e r  s p e c i f i c  
a c t i v i t i e s ,  i n  th e  re g io n  o f 30 u n its /m g  p r o t e in  and 
showed marked a re a  r e d u c t io n s  i n  th e  p re sen c e  o f  enzyme 
s u b s t r a t e ,  t l i i s  in f lu e n c e  b e in g  p ro g r e s s iv e ly  reduced  as 
th e  subphase ECl c o n c e n tra t io n  was r a i s e d  and a lm ost 
e lim in a te d  a t  0 .6  M KGl (Big- 25)-
The B o eh rin g e r enzyme showed extrem e r e lu c ta n c e  to
sp read  u nder s im i la r  c o n d it io n s , l im i t in g  a re a s  o f  0 .0 8  
2
m /mg b e in g  re c o rd e d  on subphases w ith  0 .6  M KOI concen­
t r a t i o n .  The subphases w ith  low KOI c o n c e n tra t io n s  were
now adop ted  r o u t in e ly  w ith  l im i t i n g  a re a s  o f  ap p ro x im ate ly  
o
0 .3 5  -  0 .4 5  m /n g  rec o rd e d  as  th e  norm f o r  th e  Sigma enzyme. 
S p e c if ic  a c t i v i t y  rem ained h ig h  and a re a  r e d u c t io n s  due to  
th e  p re se n c e  o f  s u b s t r a te  w ith o u t a t te n d e n t  e l a s t i c i t y  
changes were c o n s i s t e n t ly  a ch iev e d . Changes i n  c o n c e n tra t io n  
o f  BDP gave th e  r e l a t io n s l i ip  shown i n  B ig. 26.
A ttem pts were made to  s tu d y  f i lm s  u s in g  B o eh rin g er 
and Sigma enzyme s o lu t io n s  o f  d i f f e r e n t  s p e c i f i c  a c t i v i t i e s ,  
p r o g r e s s iv e ly  reduced  by h e a t  d é n a tu ra t io n  (T ab le  V I I l ) .
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The enzyme was k e p t i n  a  w a ter h a th  a t  52° G f o r  p e r io d s  
o f  v a ry in g  d u ra t io n .  The enzyme i s  v e ry  s ta b le  a t  50° G 
b u t i s  r a p id ly  in a c t iv a te d  a t  55° G under th e s e  c o n d it io n s
T able V III  -  Heat d é n a tu ra t io n  o f  a ld o la s e  f i lm s
H eat tre a tm e n t A c t iv i ty
U nits/m g
o
L im itin g  Area (m^/mg) 
Subphase 0.01 11 T ris-H G l 
0 .1  H EGl, pH 7 -4
Ho h e a t 16 0 .0 4
1 m in /50° G 17 0 .0 4
8 n in /5 0 °  C 21 0 .0 6
30 m in /50° C 21 0 .1 5
SC m in /50° C 22 0 .6
5 m in /55° 0 4 0 .8 5
10 a in /5 5 °  C 4 0 .79
The a c t i v i t y  o f  th e  enzyme appeared  to  in c re a s e  a t  
f i r s t ,  th e n  to  d e c re a s e , b u t th e  r e s u l t s  do add w eight 
to  an e a r l i e r  im p re ss io n , t h a t  a  r e l a t i o n s h ip  may e x i s t  
betw een  enzyme a c t i v i t y  and a b i l i t y  to  sp re ad . W ith more 
p r e c i s e  r e s u l t s  i t  may prove t h a t  th e r e  i s  a  m ost a c t iv e  
in te r r a e d ia te ,  f l e x i b l e  s t a t e  o f  th e  enz^^me.
A re -e x a m in a tio n  o f  r e s u l t s  drawn from  a l l  th e  p re v io u s  
work on a ld o la s e ,  a lth o u g h  made under a  m u lt i tu d e  o f 
c o n d it io n s  tended  to  confirm  t h i s  im p re ss io n . F u r th e r ,  a 
c o r r e l a t i o n  betw een th e  in f lu e n c e  o f  EBP, th e  l im i t i n g  a re a  
and s p e c i f i c  a c t i v i t y  does seem p o s s ib le  (T ab le  IZ ) .
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T able IZ  -  L im itin g  A rea, enzyme a c t i v i t y  and 
EBP in f lu e n c e
A rea A c t iv i ty  
U nits/m g p r o te in
EBP In f lu e n c e  on 
Spread enzyme f i lm s
0 . 9 2 0 .8 0 Ho E f fe c t
0 .8 5 2 .0 Ho Area change, 
s l i g h t  w eakening
0 .7 7 2 . 7 Area change, s l i g h t  weakening
0 . 7 5 0 .0 0 Ho E f fe c t
0 . 7 5 4 .0 0 Sm all A rea change, s l i g h t  weakening
0 . 7 . 2 . 5 Weakening o n ly
0 .6 7 5 .5 Weakening o n ly
0 .6 0 6 . 7 Low p re s s u re  
weakening on ly
0 .6  -  0 . 5 5 10 -  20
Harked a re a  
r e d u c t io n  on ly
0 . 5 5 64 .0 Large a re a  r e d u c t io n
0 .6  -  0. 55 128.0 Large a re a  r e d u c t io n
0 . 5 5  -  0 . 5 0
/
5 0 .0 Large a re a  re d u c t io n
0 .2 0  -  0 . 5 0 - Large a re a  r e d u c t io n
0 .0 8 (B o e b rin g e r) 150 .0
Ho e f f e c t s  d e te c te d ,  
sp read  a re a s  so low
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Tlie enzyraes from  Sigma and B oeh ringer were b o th  
s e n s i t iv e  to  th e  p re se n c e  o f $ .0  M n re a  i n  th e  subphase , 
(T ab le  X ), b e in g  e s s e n t i a l l y  u n fo ld ed  and u n ab le  to  
r e a c t  to  th e  s u b s t r a t e .
T able X -  The in f lu e n c e  o f  BBP and u re a  on 
a ld o la s e  f i lm s
L im itin g  area(m '^/mg) 
T ris-H G l 0 .01  Ii
ECl 0 .1  Ii, pH 7 .4
Subphase p lu s  
10“ ^ K PDP 
(mVmg)
Subphase p lu s  
5 .0  Ii u re a  
(m ^/kg)
Subphase p lu s
u re a  and PBP o
(m /mg)
B o eh rin g e r 0 .09 0 .0 9 0 .3 8 0 .5 9
B o eh rin g e r 0 .0 8 0 .0 8 0 .8 3 0 .91
Sigma 0.4-4- 0 .20 0.91 0 .91
Sigma O.^ l^ l- 0 .0 3 0 .7 5 0 .7 3
A s tu d y  o f  th e  in f lu e n c e  o f  changes i n  pH and tem pera­
tu r e  on th e  BDP re d u c t io n  o f  l im i t in g  a re a s  was c a r r ie d  
o u t u s in g  th e  B o eh rin g e r enzyme B ig. 24. The s u b s t r a te  
e f f e c t  a p p ea rs  to  have a  maximum in  th e  re g io n  o f  pH 6 .0 . 
S e v e ra l com plete s tu d ie s  were made con firm ing  th e  r e s u l t s  
shown i n  B ig. 24, p ro d u c in g  a  v a lu e  o f  a p p ro x im ate ly  
7 X 10~^ Ii, r e c ip r o c a l  p lo t  v a lu e  1 .9  x, 10 ^ Ii- V alues 
o f  9 X 10"^ Ii ( G a s te l l in o ,  B arker 1966) ; 2-3  x 10 ^ Ii 
(Barman 1969) and 6 x 10""^ M (H orecker 1963) have been  
re c o rd e d .
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DISCUSSION
A ld o lase  proved  to  be a  most i n t e r e s t i n g  enz;}mie to  
work w ith , c le a r ly  d em o n s tra tin g  s e v e ra l  o f  th e  p o s s ib le  
i n t e r a c t io n s  betw een enzyme f i lm s  and c o - f a c to r s ,  and th e  
c o n d it io n s  in f lu e n c in g  them. S im ila r  ev idence  accrued  
from  i n i t i a l  r e s u l t s  w ith  t r io s e p h o s p h a te  dehydrogenase, 
b o th  enzymes g iv in g  an in d ic a t io n  o f  th e  v a r io u s  s t a t e s  
o f  q u a te rn a ry  p r o t e in  s t r u c tu r e  i n  enzyme p re p a r a t io n s  
and th e  p o s s ib le  e f f e c t s  o f  im p u r i t ie s .  I n i t i a l  l im i t in g  
a re a s  betw een 0 -7  -  1 -0  m /mg showed in te r m i t t e n t  changes 
i n  a re a  and e l a s t i c i t y  due to  e f f e c to r s .  I t  would appear 
t h a t  th e r e  i s  an upper l im i t  to  th e  degree o f  u n fo ld in g  
w hich may o ccu r and s t i l l  a llow  in te r a c t io n  betw een an 
enzyme and e f f e c to r  as d e te c te d  by f i lm  changes, assum ing 
t h a t  a  s e t  o f  c o n d it io n s  must be f u l f i l l e d  to  enab le  
b in d in g  o f  a  r e a g e n t .  These c o n d it io n s  may be d is tu rb e d ,  
fa v o u ra b ly  o r  u n fav o u ra b ly  by i n t e r f a c i a l  c o n d it io n s .
The u pper a llo w a b le  deg ree  o f  u n fo ld in g  must r e p r e s e n t  
th e  f i n a l  d e s t r u c t io n  o f  th e  b in d in g  s i t e  and f o r  t h i s  
a ld o la s e  and i t s  r e a c t io n  w ith  BDP, t h i s  c o n d it io n  i s  
reach ed  w ith  a l im i t i n g  a re a  o f  abou t 0 .7  si /mg.
The r e s u l t s  w ith  t h i s  enzyme in d ic a te  a changing 
invo lvem en t o f  th e  s u b s tr a te  b in d in g  s i t e  i n  th e  f i lm  
s t r u c tu r e .  T h is i s  su g g ested  by th e  v a r i e ty  o f  f i lm  
re sp o n se s  to  th e  p re sen c e  o f  PDP. W ith in  a  narrow  
l im i t i n g  a re a  range  a t  a p p ro x im ate ly  0 -7  sl /mg th e  PDP 
b in d in g  s i t e  s t i l l  ap p ea rs  f u n c t io n a l ,  b u t in v o lv e d  in  
th e  f i lm  s t r u c tu r e  such  t h a t  b in d in g  o f  th e  s u b s t r a te
K
S
K
Fig 27. Transients of méignetic float for aldolase films on
subphase containing FDP,
Subphases: A.0.01 H ïris-HCl, 0.1 M KGl, pH 7.0.
B. 0.01 M Tris-HGl, 0.1 H KOI, 5x10"Sl FDP, pH 7.0.
G. 0.01 M Tris-HGl, 0.1 M KOI, 10""& FDP, pH 7.0.
D. 0.01 M Tris-HGl, 0.1 M KGl, 5x10 " &  FDP, pH 7.0. 
Surface pressure: 5 dynes/cm.
Stress on float: 0.36 mg.wt.
:
I0
1k.
Fig 28. Influence of FDP on aldolase film elasticity recording FDP
relationship to 20 sec movement of the magnetic float.
Estimated K, = 10b
-3,Reciprocal plot estimate = 10 M
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r e s u l t s  i n  changes i n  f i lm  e l a s t i c i t y .  In d eed , one
s e r i e s  o f  e^cperiments w ith  an a ld o la s e  sample sp re a d in g  
2
a t  0 . 7  IQ /qB' produced a s e r i e s  o f  e l a s t i c i t y  changes i n  
th e  enzyme f i lm s  due to  and r e l a t e d  to  th e  c o n c e n tra t io n  
o f PDP p r e s e n t ,  (P ig s . 2 7 ,2 8 ). L im itin g  a re a s  g r e a te r  
th a n  0 . 7  IQ /mg a re  reco rd ed  when no f i lm  i n t e r a c t io n  i s  
o b se rv ed , b u t ,  w ith  p r o te in  p o s s e s s in g  h ig h e r  i n i t i a l  
a c t i v i t y ,  th e  i n t e r a c t io n  o f enzyme and PDP p roduces 
l e s s  sp re ad  a re a s  w ith  e l a s t i c i t y  changes. The im p re ss io n  
g a in ed  i s  t h a t  a narrow  range o f  f i lm  c o n d it io n s  e n a b le s  
s u b s t r a t e  invo lvem ent to  be e x p re ssed  as an e l a s t i c i t y  
change when th e  p r o t e i n - e f f e c t o r  b in d in g  a f f e c t s  f i lm  
s t r u c tu r e .  A s im i la r  e x p la n a tio n  f o r  th e  m yosin r e s u l t s  
i s  c o n s id e re d  re a s o n a b le .
An a l t e r n a t iv e  e x p la n a tio n  could  be t h a t  th e  p r e p a r a t io n  
o f  a ld o la s e  p ro d u c in g  th e  e l a s t i c i t y  change co n ta in e d  o r  
d id  n o t  c o n ta in  one o r  more co n tam in a tin g  p r o t e in s ,  p o s s ib ly  
enzymes. The s ig m o id a l n a tu re  o f  th e  curve would confirm  
complex p r o t e in  c h a in  i n t e r a c t io n .  That such  c lo se  p r o t e in -  
p r o t e i n  o r  enzyme-enzyme a s s o c ia t io n s  e x i s t  i n  th e  b io lo g ic a l  
c e l l  a s  w orking u n i t s  i s  now s t ro n g ly  fav o u re d . T his 
p r o t e in  com bination  may in f lu e n c e  th e  observed  sp re a d in g  
r a t e ,  f i lm  s t r u c tu r e  and th e  a ld o la s e  f i lm  re sp o n se  to  i t s  
s u b s t r a t e .  T his th e o ry  i s  g iv en  credence  by th e  s i m i l a r i t y  
to  th e  r e s u l t s  o f  th e  myosin p r e p a ra t io n s  w hich a re  Imown 
to  be h ig h ly  impure due to  c o n tam in a tin g  p r o te in s .  The 
e a r ly  m yosin p re p a ra t io n s  o f  Gheesman, K ee le r and S ten— 
Knudsen (1959) produced  e l a s t i c i t y  changes i n  th e  p re se n c e  
o f  ATP. A f te r  v a r ia b le  r e s u l t s  much l ik e  a ld o la s e  and
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su b seq u en t changes i n  tec h n iq u e  o f  m yosin p r e p a r a t io n ,  
f i lm s  e x h ib i t in g  a re a  r e d u c t io n  became th e  norm. C e r ta in ly  
i t  a p p e a rs  t h a t  th e  more s t r u c t u r a l l y  p e r f e c t  th e  p r o t e in  
i s  ( in d ic a te d  by a c t i v i t y )  i n  th e  sp re a d in g  s o lu t io n  th e  
l e s s  l i k e l y  i t  i s  to  sp re ad . The b in d in g  o f  s u b s t r a te  
o r  e f f e c t o r s  enhances t h i s  s t a b i l i t y  and h e lp s  to  i n h i b i t  
p r o t e in  d é n a tu r a t io n  when a p p lie d  to  th e  s u r fa c e .
D uring th e s e  e a r ly  s tu d ie s ,  I  have in v e s t ig a te d  film 's 
by s e l e c t in g  a s e t  su r fa c e  p re s s u re  o f  co n v en ien t m agnitude 
v iz  5 5 10, 15 dynes/cm . More f r u i t f u l  ev idence  may be 
r e a l i s e d  i f  th e  s tu d ie s  o f  e l a s t i c i t y  a re  conducted  over 
a w ider range  o f  f i lm  p re s s u re s  so t h a t  th e  optimum . 
com pression  s t a t e  f o r  s tu d y in g  th e  e l a s t i c i t y  change i s  
lo c a te d .  The a re a  o f  i n t e r e s t  may a lso  be dependent on 
th e  s t a t e  o f  com pression  when th e  f i lm  undergoes th e  marked 
change ( g e la t io n )  from  a l iq u id  to  a s o l id  f i lm . The 
above c o n c lu s io n s  r e f l e c t  on th e  problem  o f enzymes 
p o s s e s s in g  th e  a b i l i t y  to  m a in ta in  a c t i v i t y  a t  an i n t e r f a c e .  
At a  c e r t a i n  deg ree  o f  u n fo ld in g  th e  p r o te in  f a i l s  to  show 
in c re a s e d  su r fa c e  s t a b i l i t y  under e f f e c to r  b in d in g  and t h i s  
a p p e a rs  to  be r e l a t e d  to  com plete lo s s  o f  a c t i v i t y .  IVhere, 
i n  th e  p a s t  enzymes have been  re p o r te d  (K aplan 1952) as 
m a in ta in in g  a c t i v i t y ,  even a f t e r  a  h ig h  deg ree  o f  u n fo ld in g , 
I  would su sp e c t e r r o r s  in  th e  d e te rm in a tio n  o f  t h a t  deg ree  
o f  u n fo ld in g . % a t  i s  more im p o rta n t i s  t h a t  enzymes can 
be rem ark ab ly  r e s i s t a n t  to  com plete d e s t r u c t io n  under 
c e r t a i n  i n t e r f a c e  env ironm en ts.
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D ire c t  m easurem ent, s im i la r  to  t h a t  o f  Sliou (1959) 
o f  f i lm  enzyme a c t i v i t y  i s  n e c e ssa ry  f o r  u nequ iv o cab le  
ev idence  o f  a  sp re a d in g  behaviour-enzym e a c t i v i t y  
r e l a t i o n s h i p .
E a r ly  e l a s t i c i t y  r e s u l t s  h ig l i l ig h t  th e  ag e in g  p ro ­
p e r t i e s  o f  f i lm s  d e m o n s tra tiv e  o f  th e  ev er changing s t a t e  
o f  th e s e  f i lm s  and em phasising  th e  need f o r  s t r i c t  
r e p e t i t i o n  o f  c o n d it io n s  d u rin g  experim en ts to  enab le  
d e te rm in a tio n  o f  m ean ing fu l r e s u l t s .  The age ing  p ro c e s s  
was o b se rv ed  in  many f i lm s  as a  p ro g re s s iv e  in c re a s e  i n  
e l a s t i c i t y .  T his b eh av io u r m ust be dependent on th e  s t a t e  
o f u n fo ld in g  o f  th e  p r o te in ,  th e  p ro x im ity  o f r e a c t iv e  
g roups w it l i in  th e  f i lm , one to  a n o th e r  and. th e  r e a c t i v i t y  
to  e ir te rn a l  f a c to r s  e .g .  o x id a t io n . T h is would mean t h a t  
th e  o b se rv ed  ag e in g  e f f e c t  could  and does v a ry  under 
d i f f e r e n t  c o n d it io n s  and f u r th e r  may be in f lu e n c e d  by th e  
p re se n c e  o f  PDP.
A f r e s h  enzyme sample from Sigma produced slow er r a t e s  
o f  sp re a d in g , p e rh ap s  r e f l e c t i n g  a more s ta b le  p r o te in .
The in f lu e n c e  o f subphase s a l t  c o n c e n tra t io n  betw een 0 .1  -  
0 .6  11 c au s in g  c o n s id e ra b le  a re a  e^ipansion, over th e s e  sm all 
i n i t i a l  a r e a s .  Even more s ig n i f i c a n t  was th e  e l im in a t io n  
o f  th e  marked a re a  r e d u c t io n  i n  p r o te in s  sp read  on 0 .1  11 
KOI subphase due to  th e  p re sen c e  o f  PDP as th e  EGl con- 
c e n t r a t io n  was r a i s e d  to  0.611. These r e s u l t s  may in d ic a te  
t h a t  PDP s o l u b i l i s e s  th e  enzyme a id in g  lo s s  to  th e  bulLk 
p h a se , l e s s  l i k e l y  a t  th e  h ig h e s t  s a l t  c o n c e n tra tio n , o r ,  
t h a t  th e  s u b s t r a te  i s  a c t in g  a s  a  genuine enzyme s t a b i l i s e r ,  
u n ab le  to  i n t e r a c t  a t  th e  liig h e r  s a l t  c o n c e n tra t io n s  known 
to  i n h i b i t  th e  enzyme.
-  99 -
The two com m ercial enzymes used d i f f e r  e s s e n t i a l l y  i n  
tlie  pH o f r e c r y s t a l l i s a t i o n  and a re  exam ples o f  two d i f f e r e n t  
c r y s t a l  fo rm s. The s l i g h t l y  a lk a l in e  c o n d it io n s  used  by 
Sigma p roduce  a n e ed le  form , w hereas, th e  a c id  c o n d it io n s  
o f  th e  B o eh rin g e r p re p a r a t io n  produce hexagonal p l a t e l e t s .  
T b is l a t t e r  c r y s t a l  form e x h ib i t s  g r e a te r  s t a b i l i t y  under 
s u r fa c e  c o n d it io n s  p roducing  v e ry  sm all l im i t in g  a re a s .
B oth form s o f  th e  enzyme were s e n s i t iv e  to  3-0 M u re a  
r e s u l t i n g  i n  com plete u n fo ld in g , com patable w ith  th e  
c o n d it io n s  o f  u re a  u n fo ld in g  l a i d  down by Deal e t  a l  (1963 ). 
S tu d ie s  o f  a ld o la s e  u n fo ld in g  and r e f o ld in g  have proved 
i n t e r e s t i n g  e .g .  W esthead (1963), Hass (1963), Donovan 
(1964) and S te llw a g en  (1962) and su rfa c e  c o n d it io n s  may 
i n  f u tu r e  be s im i la r  to  c o n d it io n s  used in  th e s e  ty p e s  o f  
e x p e rim en t.
The b eh av io u r o f  p a r t i a l l y  in a c t iv a te d  m a te r ia l  does 
in d ic a te  an i n t e r r e l a t i o n s h i p  betw een a c t i v i t y ,  PDP a re a  
e f f e c t  and su r fa c e  s t a b i l i t y .  Heat d en a tu red  and aged 
m a te r ia l  enab led  th e  tre n d  o f  low er s p e c i f i c  a c t i v i t y ,  
g r e a t e r  a b i l i t y  to  sp read  and sm a lle r  PDP a re a  re d u c t io n s  
to  be d e te c te d  and p ro v id e  s tro n g  ev idence  t h a t  r e s u l t s  o f  
r e a l  v a lu e  may be o b ta in e d  by s tu d y in g  enzymes under th e s e  
c o n d it io n s .  A c o n s ta n t  t h r e a t  to  c o n s is te n t  r e s u l t s  was 
th e  v a r ia b le  a f f i n i t y  o f th e  enzyme f o r  th e  s id e s  o f th e  
tro u g h . T h is b eh av io u r a p t ly  c a l le d  's t i c k i n e s s '  by 
Gheesman and D avies (1954-) i s  v e ry  common, b e in g  e x h ib i te d  
by many o f  th e  enzymes s tu d ie d . T his phenomenon depends 
on s u r fa c e  c o n d it io n s , th e  p r o t e in  and uhe s t a t e  o f  th e  
waxed o r  T e flo n  su rro u n d . R e la t iv e ly  low i n i t i a l  a re a s .
—  ^00 —
on f r e s h ly  c lean ed  tro u g h s  have o f te n  been  re c o rd e d , th e  
use  o f  T e flo n  p ro v in g  an improvement i n  some in s ta n c e s .
The p r o t e i n  s t i c k in g  to  th e  g la s s  n e ed le  was a ls o  i n  
e v id e n ce . T h is b eh av io u r r a i s e s  doub ts on th e  v a l i d i t y  
o f  th e  T r u rn i t  (I9 6 0 ) method o f  f i lm  m a te r ia l  a p p l ic a t io n ,  
whereby f i lm  m a te r ia l  i s  a p p lie d  to  th e  top  o f a g la s s  
ro d  and a llow ed  to  flow  down th e  rod  onto  th e  tro u g h  
s u r f a c e .  P or s tu d ie s  o f  in c o m p le te ly  u n fo ld ed  m a te r ia l  
t h i s  would be u n d e s ira b le .  The method developed  by m y se lf , 
unknow ingly o f  a  s im i la r  developm ent by T schoegl and 
A lexander ( I9 6 0 ) , f o r  Agi a sy rin g e  a p p l ic a t io n  u s in g  th e  
te c h n iq u e  o f  ' drawn su rfa c e  p e a k ' (P ig . 8 ) ,  e n su re s  
minimum lo s s  to  th e  subphase. T his method in c lu d e s  th e  
b e s t  f e a tu r e s  o f  th e  T ru rn i t  method w ith o u t th e  draw backs.
I  have ta k e n  th e  a p p l ic a t io n  p ro ced u re  one s ta g e  f u r th e r  
th a n  A lexander by r e p la c in g  th e  s in g le  c e n tre  o f  a d d i t io n  
w ith  a s e r i e s  o f  a p p l ic a t io n  c o n ta c ts  a c ro ss  th e  w id th  o f  
th e  t ro u g h . The space o f  n o n -c o n ta c t betw een a p p l ic a t io n s  
a llo w s f o r  e x tru s io n  o f  th e  p r o te in  s o lu t io n  from  th e  
n e ed le  t i p  th u s  p re v e n tin g  i n j e c t i o n  o f  p r o te in  m a te r ia l  
below th e  s u r fa c e .
These p r e s e n t  a re a  r e s u l t s  le a d  to  an in d ic a te d  
v a lu e  f o r  PDP o f  7 % 10"^ M, r e c ip r o c a l  p lo t  1 .9  % 'lO"^ M. 
These r e s u l t s  compare c lo s e ly  to  th e  m a jo r i ty  o f  p u b lish e d  
v a lu e s  e .g .  2 .5  x 10"^ M (Barm an), and p e rh ap s d em o n stra te  
m ost c l e a r l y  th e  u s e fu ln e s s  o f  t h i s  type  o f  r e s e a rc h .
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^"2 . T rioseplxospliate Dehydrogenase 
E .G .1 .2 .1 ,1 2 .
^ -S ly c e ra ld e h y d e -5 -p h o sp h a te : ITiD o x id o re d u c ta se  (p h o sp h o ry la tin g )  
INTRODUCTION
T rio sep h o sp h a te  dehydrogenase (m. w t. 140,000) c a ta ly s e s  
th e  r e a c t io n
^ -S ly G era ld eb y d e -5 -p h o sp h a te  + in o rg a n ic  pho sp h a te  +
KAD"^  = 1 ,5 -d ip h o sp h o -D -g ly c e ra te  + KADH + a t  pH 7 -6 .
The enzyme c o n s is t s  o f  fo u r  p o ly p e p tid e  c h a in s , each  , 
b in d in g  one NAD m olecu le  and c o n ta in in g  fo u r  f r e e  su lp h y d ry l 
g ro u p s , one o f  w hich i s  h ig h ly  a c t iv e  and p a r t i c i p a t e s  i n  
th e  enzyme r e a c t io n .  EDTA p re v e n ts  r e v e r s ib le  i n a c t i v a t i o n  
by heavy m e ta l io n s ;  s u b s t r a te s  and coenzymes can be 
i n h i b i t i n g .  NAD may in c re a s e  s t a b i l i t y ,  b u t NADN in c re a s e s  
th e  r a t e  o f  i n a c t iv a t io n .  The enzyme can become l e s s  s ta b le  
tow ards p l iy s ic a l  a g e n ts  in  th e  p re sen c e  o f  s u b s t r a te s  and 
c o - f a c to r s ,  c o n c e n tra tio n s  and com binations o f  b o th  p ro ­
fo u n d ly  a f f e c t  enzyme s t a b i l i t y .
EZPERINENTAD
Almost th e  e n t i r e  s tu d y  o f  g ly ce ra ld eh y d e -5 -p h o sp h a te  
dehydrogenase has been  c a r r ie d  o u t on th e  a p p a ra tu s  used 
by Cheesman, K ee le r and Sten-K hudsen (1959)? u s in g  n ig h ly  
v a r ia b le  enzyme m a te r ia l  p rep a red  i n  t h i s  la b o ra to r y  from  
r a b b i t  m usc le , a cco rd in g  to  E erd inand  (1964). The enzyme 
was a ssay ed  by th e  method g iv en  i n  th e  W orth ing ton  B io­
chem ical C o rp o ra tio n  Data S hee t.
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Tne e o n l ie r  enzyme s o lu t io n s  were made w ith  a  l i g h t l y  
c e n u rifu g e d  p e l l e t  from th e  s to c k  su sp en s io n , d is s o lv e d  i n  
a c o ld  0 . 0 5  M sodium phosphate  b u f f e r ,  a lth o u g h  a v a r i e ty  
o f  subphases and enzyme s o lu t io n s  were used d u rin g  th e  
p re l im in a ry  in v e s t ig a t io n s  (T able  2 1 ). Sodium a rs e n a te  
subphases were o f te n  used because th e  a rs e n a te  can a c t  
as an a l t e r n a t iv e  r e a c ta n t  to  th e  p h o sp h a te . Due to  th e  
ease  o f  h y d ro ly s is  o f  th e  a c y l in te rm e d ia te  i n  t h i s  
r e a c t io n  i t  p ro ce ed s  to  th e  r i g h t ,  w hereas th e  above 
r e a c t io n  w ith  phosphate  i s  r e v e r s ib le .
T able  21 -  P re lim in a ry  f i lm  in v e s t ig a t io n  o f  
t r i o  sephosphate  dehydrogenase
Subphase
P
L im itin g  A reas (m /mg) Enzyme d i lu e n t
5 min 10 min 40 min
0 . 0 5  ii d isodium Gold 0 .0 5  M
a rs e n a te sodium
1 .0  M  N aCl,pE 8 . 7 . 0 .51  0 .5 0  0 .7 2 pyropho sp h a t e
+ '10"4l NAD 0 .1 8 "b u ffe r .
+ 10“4 l  NAD +
1 0 "%  GGHO 0 .1 4
0 .0 5  Ii d i  sodium Gold 0 .0 5  Ii
a r s e n a te sodium
1 .0  M N aC l,ph  8 . 7 . 0 . 5 p y rophosphate
+ 10~ h l NAD 0 . 5 b u f f e r
+ 1 0 "%  NAD + + 10" %  NAD
P 0 .4810 H GGHO
0 . 0 5  M d isodium Cold 0 .0 3  I-l
an s e n a te sodium
0 . 5  H NaGl,pH 7 :6 . 0.11  0 . 5 pyropho sp h a t e
+ 1 0 " 4  H  NAD 
---------------------- - -----------
0 .0 7  0 .1 8 b u f f e r
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The s in g le  experim ent w ith  NAD p re s e n t  i n  th e  b u f f e r  
used  to  malie up th e  enzyme s o lu t io n  was p a r t i c u l a r l y  
i n t e r e s t i n g ,  i n  t h a t ,  th e  l im i t in g  a re a  was g r e a t e r ,  and 
t h a t  th e r e  was no resp o n se  to  th e  a d d i t io n  o f e i t h e r  
s u b s t r a te  o r  coenzyme to  th e  subphase.
T rio  sepho sp h a t e dehydrogenase may be r e a d i ly  co n v erted  
to  th e  apo-enzyme by p r e f e r e n t i a l  a b s o rp tio n  o f  th e  NAD 
m o lecu les  onto  c h a rc o a l (V e lick  e t  a l .  1955). The apo- 
enzyme canno t be c r y s t a l l i s e d ;  th e  c r y s t a l l i n e  enzyme 
alw ays c o n ta in s  bound coenzyme. L im itin g  a re a s  w ith  apo­
p r o t e in  on a  subphase o f 0-05 H v e ro n a l ,  0 .5  H NaOl,
p
0 .005  il c y s te in e ,  pH 8 .0  were 0 .5^  m /mg a f t e r  5 min,
o
b e in g  red u ced  to  0 .5 8  m^/mg by th e  in t r o d u c t io n  o f  10~ 11
NAD in to  th e  subphase . The e x t r a c t io n  o f  NAD from th e  
enzyme m o lecu le , u s in g  columns o f  c h a rc o a l was found to  
be i n e f f i c i e n t  f o r  p r o t e in  re c o v e ry  (Pox and D a n d ilik e r  
1956). A method was developed u s in g  a shallow  c h a rc o a l 
f i l t e r  w ith  an a p p lie d  c o n tro l le d  vacuum f o r  ease  and 
r a p i d i t y  o f  p r o t e in  h a n d lin g . Apo-enzyme p r e p a ra t io n s  
gave l im i t i n g  a re a s  o f  0 .79  and 0 .9 5  m^/mg a f t e r  10 and 
15 m in, w ith  a lo s s  o f  resp o n se  to  NAD i n  th e  subphase.
The c o rre sp o n d in g  a re a s  a t  5, 10, 15 min f o r  th e  enzyme, 
as c r y s t a l l i s e d ,  were O .5 1 ? 0 -5^  and O .7O m /mg. A. 
f u r t h e r  enxyme / apo -  enzyme p r e p a r a t io n  produced such con­
s i s t a n t  a re a  changes due to  th e  p re sen c e  o f NAD t h a t  a 
c o n c e n tr a t io n  r e l a t io n s h ip  was e s ta b l is h e d  (T ab le  211,
P ig . 2 9 ) .  T his curve ap p ea rs  to  be s ig m o id a l i n  n a tu re  
and i n  agreem ent w ith  th e  a l l o s t e r i c  p o s tu la t e s  o f Kosliland 
d is c u s se d  l a t e r .
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T able  X II ~ In f lu e n c e  o f  IU\J) on th e  a p o -p ro te in  
o f  t r i o  sepho sp h a te  delv^^drogenase
HAH c o n c e n tra t io n  
(M)
L im itin g  a re a  
(m^/mg)
Change in  
L im itin g  a re a
O.C 0-74 -
0 .738 0 .002
10~® 0 .7 2 7 3 0 .0125
5x10”® 0 . 7 2 0 .0 2
i o ”7 0 .7 0 3 0 .0 5 5
10”® 0 .684 0 .056
10” 5 0 .6 8 0 .0593
10”4 0 .6793 O.O6O5
10” ^ 0.6773 0.0625
The in f lu e n c e  o f  g ly ce ra ld eh y d e  on th e  c r y s t a l l i n e  
enzyme p r e p a r a t io n  was s tu d ie d  u s in g  0 .1  Ii T ris-H C I, 0 .6  
H KOI, pH 7 -4  subphase , devoid  o f HAH, o r ,  w ith  a  c o n s ta n t  
HAH c o n c e n tra t io n  o f 10"^ Ii. A p re v io u s ly  n o ted  tre n d  o f  
a re a  c o n tr a c t io n  due to  g ly ce ra ld eh y d e  in  th e  p re sen c e  o f 
HAH and expansion  o f  l im i t in g  a re a  i n  th e  absence o f  th e  
C O enzyme was confirm ed , (T able Z I I l ) .
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T able X III  -  The in f lu e n c e  o f  s u b s t r a te  (GOHO) 
on enzyme f i lm s.
Subphase 
0 ,01  M T ris-H G l, 0 .5  M KGl,
pH 7 .4
- ■ ------  ------  ----------
L im itin g  Area (m /mg)
Ho a d d i t io n 0 .2 8
+ 10”® H GGHO 0.5 3
Ho a d d i t io n 0 .2 9
+ 10” 5 M NAD 0 .2 4
" + 10” 5 H GGHO 0 .2 0
" + 10”^ M GGHO 0.1 9
" + 10” 5 H GGHO 0.1 7
D e te rm in a tio n  o f  th e  c o n c e n tra tio n  r e l a t io n s h ip  f o r  
th e  HAT) e f f e c t  on c r y s t a l l i n e  enzyme f i lm s  was c a r r ie d  o u t 
on 0 .01  H T ris -H C l, 0 .6  M KOI, pH 7 -4 . (T able  XIV).
Such p oo r r e s u l t s  were ach ieved  w ith  b o ra te  b u f fe re d  
subphases w h ile  a tte m p tin g  to  u se  an a l t e r n a t iv e  to  T ris-H G l 
t h a t  a  more e x te n s iv e  s tu d y  o f  th e  in f lu e n c e  o f  b u f f e r s  and 
pH changes on f i lm  p r o p e r t i e s  was c a r r ie d  o u t ( ? ig .  5 0 ).
The su rv ey  in c lu d e d  a c e ta te  and c i t r a t e  b u f f e r s  below 
pH 6 .0 ,  b o r a t e , a r s e n a te , t r i s  and v e ro n a l above pH 6 .0  
and p h o sp h a te  th ro u g h o u t th e  range  in v e s t ig a te d .
O ther p o s s ib le  in f lu e n c in g  f a c to r s  such as  o x id a t io n  o f 
su lp h h y d ry l groups were s tu d ie d  by th e  in t r o d u c t io n  o f  ICT^ M 
2 -m erc ap to e th a n o l and 10~^ M c y s te in e  in to  th e  subphases.
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T able Z I7  -  The in f lu e n c e  o f  coenzyme (HAD) on
sp re ad in g  r a t e  o f  c r y s t a l l i n e  enzyme 
s o lu t io n s .
Subphase 
0 .01  H T ris -H C l, 0 .6  M KOI,
pH 7 .4
p
L im itin g  a re a  (m‘"/mg)
Ho a d d i t io n 0 .2 4
+ 10” 7 I'l NAD 0 .2 4
+ 10”® K HAD 0 .2 5
+ 10”^ K HAD 0 .0 8
0 .0 5  H V ero n a l, 0 -5  H ilaC l,
C y s te in e  0 .003  M, pH 7 . 5
Ho a d d i t io n 0 .4 4
+ 10”® M HAD 0 .4 0
+ 10”? M HAD 0 .5 8
+ 10”® M HAD 0 . 5 4
+ 10” 5 M HAD 0.2 8
+ 10”4 H HAD 0 .2 5
+ 10” ^ Ii HAD 0 . 1 4
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The fo rm er in h ib i t e d  th e  fo rm a tio n  o f  an enzyme f i lm , b u t 
th e  m ild e r  a c t in g  c y s te in e  produced a s l i g h t  in c re a s e  i n  
l im i t i n g  a re a  w hich was enhanced by th e  p re se n c e  o f  10"^ M 
g ly c e ra ld e h y d e . The enzyme 'in h ib i to r s ,  iodoacetam ide  and 
io d o a c e ta te  f a i l e d  to  cause f i lm  changes. The in t r o d u c t io n  
o f  z in c  io n s  had no e f f e c t  on th e  enzyme, b u t  a s e r i e s  o f 
apo-enzyme f i lm s  sp re a d in g  a t  0 .2 8  m /mg were ex tended  to  
0 .7 5  -  0 . 9 3  m^/mg by 10"? M z in c  c h lo r id e . T h is was 
c a r r ie d  o u t on a la b o r a to ry  p r e p a ra t io n  and may be an 
in d ic a t io n  o f  th e  p re sen c e  o f  im p u r i t ie s .  The a d d i t io n  
o f  HAD to  th e  subphase had a d ram a tic  e f f e c t  on th e s e
_c p
ex tended  f i lm s ,  10 M HAD p ro d u c in g  an a re a  o f  0 .8 3  m /mg
O___________j\
b e in g  reduced  to  0 .4 7  /mg by 10 M HAD and f u r th e r  
reduced  to  0 .2 3  -  13 m^/mg by th e  a d d it io n  o f  10” ^ Ii 
g ly c e ra ld e h y d e . The in f lu e n c e  o f pH has n o t been  c le a r ly  
d e f in e d , a lth o u g h  th e  HAD e f f e c t  has been  rec o rd ed  a t  
s e v e ra l  pH v a lu e s ,  pH 6 .0  -  9 -0 .
E xperim en ts u s in g  com m ercial enzyme p re p a ra t io n s  w ith  
a l l - g l a s s  n e e d le s  and autom ated a p p a ra tu s  sljiowed e n t i r e l y
d i f f e r e n t  b e h av io u r to  th e  above. These com m ercial enzymes
2
gave sm all l im i t in g  a re a s  o f th e  o rd e r  o f  0 .0 8  m /mg, even 
i n  th e  p re se n c e  o f 3-0 M i4r e a  and 1-0  Ii KOI i n  a T ris-H C l 
subphase , pH 8 .6 .  The p resen ce  o f  6 .0  M u re a  a t  pH 8 .6
i n  t h i s  subphase d e s tro y e d  th e  p r o te in  s t r u c tu r e  to  g ive
2 ““4l im i t i n g  a re a s  o f  0 .9 8  -  1-1 m /mg. The p re sen c e  o f 10 Ii
HAD p re v e n te d  t h i s  t o t a l  sp re a d in g , a l im i t in g  a re a  o f 
0 .1 4  m^/mg em phasising  th e  c o n tro l  th e  coenzyme has on th e
s t a b i l i t y  o f  th e  enzyme- A s e r i e s  o f  experim en ts  were
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c a r r i e d  o u t  on a subphase designed  to  j u s t  f a c i l i t a t e  f u l l  
p r o t e i n  sp re a d in g  and th u s  p ro v id e  s e n s i t iv e  c o n d it io n s  
under w hich th e  in f lu e n c e  o f  HAD may be in v e s t ig a te d .
The subphase used  was 0 .05  M T ris -H C l, 0 .1  H ECl, 0 .001 M 
SDTA, 5-0  M u re a ,  pH 8 .6 .  The i n i t i a l  aj?ea o f  0-42 m^/mg 
f e l l  to  0 .4 ^  m^/mg w ith  10”® M HAD, to  0 .3 9  w ith  10” ^ H 
HiU3 and to  0 . 32 m^/mg w ith  10”^ Ii HAD.
E l a s t i c i t y  was reco rd ed  th ro u g h o u t th e  above programme 
and p roved  to  change m arkedly  w ith  changes i n  b u f f e r  io n  
(E ig . 32 ) .  Eilms were weaker a t  pH 8 .0  compared to  pH 6 .0  
f o r  th e  same b u f f e r  io n . Comparison o f  0 .1 M phosphate  
b u f f e r  w i th  0 .1  Ii v e ro n a l  b u f f e r  produced much weaker 
f i lm s  on th e  l a t t e r ,  y e t  much s t i f f e r  f i lm s  on 0 .1  H 
c i t r a t e  b u f f e r -
Eilm e l a s t i c i t y  d id  n o t  show any change due to  th e  
p re s e n c e  o f  s u b s t r a t e  o r  a r s e n a te .  Apo-enzyme f i lm s  were 
i n  g e n e r a l  s t i f f  e r  th a n  enzyme f i lm s  (E ig . 31)- Both f i lm s  
s t i f f e n i n g  w ith  age and b o th  ten d  to  weaken i n  th e  p re sen c e  
o f  COenzyme (E ig . 35)-
DISCUSSIOH
T rio  sepho sp h a te  dehydrogenase was a c tu a l ly  th e  f i r s t  
g ly c o ly t ic  enzyme s tu d ie d , c h ie f ly  because  o f  th e  ease  o f  
p r e p a r a t io n  from  r a b b i t  m uscle . The c r y s t a l l i n e  enzyme
d i s s o l v e s  r e a d i l y  to  g ive a  s o l u t i o n  wiuh a  c o n s id e ra n le  
PqlqPp -(jQ sp read  a t  th e  a i r —w ater  i n t e r f a c e .  The enzyne 
i s  slow to  u n fo ld  i n  comparison w ith  a l c o l a s e ,  ouu, w i l l  
go to  com p le tion , g iv en  t im e , c o n t r a s t in g  f o r  example wren
IFig 32. Influence of buffer ions on triosephosphate dehydrogenase
film elasticity.
Buffers : , A. Citrate.
B. Phosphate + enzyme substrate, (glyceraldehyde)
C. Phosphate buffer.
D. Veronal.
Surface pressure: 10 dynes/cm.
Stress on float: 1.2 mg.wt.
JfC
c
Fig 33. Influence of NAD on elasticity of triosephosphate
dehydrogenase films»
Subphases; A.C* 0.01 M Tris—HCl, 0.6 M KCl, pH 7.4.
B.D. 0.01 M Tris-HCl, 0.6 M KCl, lO'^M NAD, pH 7.4
Proteins: A.B. Apo-protein ; C.D. crystalline enzyme.
Surface pressure: 10 dynes/cm.
Stress on float: 1,2 mg.wt.
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r i to n u c le a s e  which shows g re a t  r e s i s ta n c e  to  su r fa c e  
d é n a tu r a t io n  (O lm pter 5)» The tim e course  o f  u n fo ld in g  
o f  an enzyme o r a n y  o th e r  p r o te in  i s  n o t a sim ple  one, 
a t  d i f f e r e n t  s ta g e s  o f  u n fo ld in g , th e  p r o te in  s t r u c tu r e  
m ust have v a ry in g  s u s c e p t i b i l i t i e s  tow ards th e  s t r e s s e s  
found a t  an i n t e r f a c e .  As u n fo ld in g  p ro c e e d s , one 
g e n e r a l ly  supposes t h a t  sp re ad in g  i s  f a c i l i t a t e d .
Y am ashita and B u ll (196?) in d ic a te d  i n  t h e i r  s tu d y  
o f  lysozym e t h a t  th e r e  was a c o n s id e ra b le  la g  phase to  
s t a r t  w ith , b e fo re  u n fo ld in g  was f a c i l i t a t e d .  Tlois a sp e c t 
has to  some e x te n t  been  n e g le c te d  in  th e  p re s e n t  r e s e a rc h ,  
s in c e  one enzyme has been  compared w ith  a n o th e r  on a s e t  
tim e b a s i s ,  w ith o u t a tte m p tin g  to  dete rm ine  th e  v a r i a t i o n  
o f  in d iv id u a l  sp re a d in g  r a t e s  w ith  tim e .
The sp re a d in g  r a t e  o f  an enzyme i s  a l t e r e d  by i n t e r ­
a c t io n  w ith  r e a g e n ts  i n  th e  subphase, e .g .  th e  s t a b i l i t y  
o f  tr io s e p h o s p h a te  dehydrogenase i s  c o n s id e ra b ly  in f lu e n c e d  
by th e  p re se n c e  o f  th e  co enzyme hAB. T his i n t e r a c t io n  i s  
dependen t on th e  s t a t e  o f  th e  p r o te in  s t r u c tu r e  and i f  
s tro n g  fo r c e s  f o r  u n fo ld in g  e x i s t ,  o r  th e  p r o te in  s t r u c tu r e  
i s  s e v e re ly  damaged th e n  FAB cannot be bound o r a t  l e a s t  
canno t be bound c o r r e c t ly .
T liis enzyme may have i t s  co enzyme removed le a v in g  an 
apo-enzyme w hich shows th e  expec ted  in c re a s e  i n  su rfa c e  
l a b i l i t y ,  b u t ,  a lso  th e  a b i l i t y  to  re b in d  th e  c6enzyme w ith  
a  c o rre sp o n d in g  r e tu r n  o f  s t a b i l i t y .  lo  i s  em pnasised t h a t  
a l l  r e s u l t s  a re  de term ined  by com parison o f  th e  fo rm a tio n  
o f  one f i lm  w ith  th e  fo rm a tio n  o f  a n o th e r  on a  changed
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subpliase 5 v iz .  a re a  re d u c t io n  r e f e r s  to  a d i f f e r e n c e  
betw een  two f i lm s , n o t to  a  p h y s ic a l  r e d u c t io n  i n  a re a  
o f  a  s in g le  e x is t in g  f i lm , and i s  th e r e fo re  a m easure 
o f  th e  in f lu e n c e  o f  e f f e c to r s  on f i lm  fo rm a tio n .
D uring s tu d ie s  o f  th e  in t e r a c t io n  o f  FAB w ith  th e  
enzyme f i lm s ,  i t  has been  n o ted  t h a t  one p r e p a ra t io n  
r a r e l y  behaves e x a c t ly  l ik e  a n o th e r , ( c f .  a ld o la s e  and 
m yosin) and th e  q u e s tio n  o f  p r o te in  p u r i ty  i s  a g a in  
r a i s e d .  . To em phasise th e  dependence o f  r e s u l t s  on th e  
so u rce  o f  th e  sp read  m a te r ia l ,  com m ercial p re p a ra t io n s  
p roduced  low l im i t i n g  a re a s  which rem ained r e l a t i v e l y  
u n a l te r e d  i n  th e  p re sen c e  o f FAB, a lth o u g h  com plete 
u n fo ld in g  o c cu rred  i n  th e  p re sen c e  o f 6 .0  M u re a . The 
b e s t  c o n d it io n s  f o r  s tu d y  o f  th e  FAB i n te r a c t io n  w ith  
t r io s e p h o s p h a te  dehydrogenase enzyme, m ight b e , to  use 
subphases w ith  h ig h  u re a  c o n c e n tra t io n s ,  c o n d it io n s  n o t 
u n l ik e  th o se  re p o r te d  by Beal e t  a l .  (1963) f o r  
d e n a tu r a t io n - r e n a tu r a t io n  experim en ts w ith  a number o f  
g ly c o ly t ic  enzymes.
The d a ta  i n  F ig s . 29,31 f o r  th e  r e l a t io n s h ip  o f  FAB
c o n c e n tr a t io n  to  th e  sp re ad in g  o f  th e  enzyme were o b ta in ed
w ith  a  p a r t i c u l a r l y  s e n s i t iv e  p r o te in .  The v a lu e  o f
10"^ II i s  somewhat sm a lle r  th a n  1 .3  x 10 ^ H quoted by
—8Barman, and th e  r e c ip r o c a l  p l o t  e s tim a te  o f  7 .3  x 10 M 
in d ic a t e s  t h a t  p e rh ap s  th e  shou ld  be sm a lle r . FAB 
b in d in g  i s  complex, e s p e c ia l ly  w ith  i t s  in f lu e n c e  on th e  
r e l a t i o n s h i p s  o f  th e  fo u r  enzyme s u b -u n i ts .  Much has been  
r e p o r te d  on t h i s  enzyme, o f te n  c o n tr o v e r s ia l ,  w ith  r e s p e c t
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to  th e  amount o f hound FAB and indeed  th e  number o f  p r o t e in  
c h a in s . R e c e n tly  Koshland e t  a l .  (1968) p o s tu la te d  n e g a tiv e  
c o - o p e r a t iv i ty ,  i . e .  th e  b in d in g  o f each  o f th e  fo u r  FAB 
m o lecu le s  makes i t  more d i f f i c u l t  f o r  subsequen t m o lecu les  
to  b in d , y e t  th e  s p e c i f i c  enzyme a c t i v i t y  s t e a d i ly  in c re a s e s .  
The marked change in  confo rm ation  due to  th e  f i r s t  t i g h t l y  
bound FAB m o lecu le , form s a  liigh  p e rc en ta g e  o f  th e  t o t a l  
change, so t h a t  co n fo rm a tio n a l changes, p e r  FAB m olecule  
added, d im in ish  w ith  subsequen t a d d i t io n s ,  u n t i l  th e  f i n a l ,  
f o u r th  m olecu le  p roduces no o r  v e ry  l i t t l e  c o n fo rm a tio n a l 
change and i s  o n ly  lo o s e ly  bound.
K oshland (1968) su g g e s ts  t h a t  t h i s  i s  a  u s e fu l  
m e ta b o lic  c o n tro l  i n  t h a t  th e  enzymic a c t i v i t y  i s  n o t 
c o m p le te ly  dependent on th e  supp ly  o f m e ta b o li te s  such 
as FAB. In  tim es o f  s c a r c i ty  when many enzymes in  th e  
c e l l  a re  demanding FAB, t h i s  enzyme may r e a d i ly  lo s e  th e  
o u te r  FAB m o le cu le s , b u t rem ain  a c t iv e  by h o ld in g  onto th e  
more f i rm ly  h e ld  FAB m o lecu les . Such a p ic tu r e  c e r t a in ly  
e x p la in s  th e  d is c re p a n c ie s  found in  s tu d ie s  o f th e  FAB/ 
tr io s e p h o s p h a te  dehydrogenase system . I t  i s  a lm ost th e  
converse  o f  th e  f a c i l i t a t e d  b in d in g  o f oxygen to  
haem oglobin . There i s  no re a so n  why a p a r t i c u l a r  complex 
m o lecu le  canno t e x h ib i t  b o th  p o s i t iv e  and n e g a tiv e  
c o - o p e r a t iv i ty ;  and as s ta te d  by Koshland (1968 ), i n  
b in d in g  s tu d ie s  th e  a c tu a l  a c t i v i t y  and in d iv id u a l  l ig a n d  
m ust be s p e c i f i e d ,  M ichaelis-M enten  b eh av io u r b e in g  
o b se rv ed , o n ly  i f  th e  su b u n its  a re  e s s e n t i a l l y  in d ep en d en t.
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T liis enzyme may show in c re a s e d  i n s t a b i l i t y  in  th e  
p re se n c e  o f  c e r t a in  r e a c ta n t s ,  when a t  l e a s t  one o f  th e  
f a c t o r s  n e c e s sa ry  f o r  enzyme a c t i v i t y  i s  a b s e n t, b u t show 
s t a b i l i s a t i o n  when th e y  a re  a l l  p r e s e n t .  T his p r in c ip le  
o f  in c re a s e d  s t a b i l i t y  when th e  com plete ' a c t i v e ’ complex 
e x i s t s  has been  more c le a r ly  seen  in  o th e r  system s s tu d ie d ,  
e .g .  h exok inase  3 . 8 .
I t  i s  c le a r  from th e se  r e s u l t s  t h a t  b u f f e r  io n s  can 
have a  m arked in f lu e n c e  on f i lm  p r o p e r t i e s  and i n te r a c t io n s  
The f a c t  t h a t  th e  phosphate  io n  seems to  be p r e f e r e n t i a l l y  
bound (F ig . 30) i s  o f p a r t i c u l a r  i n t e r e s t  i n  view o f th e  
known invo lvem en t o f t h i s  io n  a t  th e  a c t iv e  s i t e  o f  
t r io s e p h o s p h a te  dehydrogenase. I t  i s  re p o r te d  t h a t  th e  
enzyme i s  in h ib i t e d  by p o tassiu m  io n s  and h ig h  io n ic  
s t r e n g th  so t h a t  th e  ex p erim en ta l c o n d itio n s  used may be 
f a r  from  th o s e , optimum f o r  th e  s tu d y  o f  th e se  f i lm s .
R e s u l ts  show t h a t  th e  s u b s t r a t e ,  g ly ce ra ld eh y d e  may 
in c re a s e  th e  enzyme i n s t a b i l i t y  u n le s s  th e  co enzyme i s  
p r e s e n t ,  when s t a b i l i s a t i o n  r e s u l t s .  These in d ic a t io n s  
f i t  i n  w ith  th e  view s o f Koshland (1958) and h i s  th e o r ie s  
on enzyme f l e x i b i l i t y .  At th e  co n fe rence  o f  th e  B r i t i s h  
B io p h y s ic a l S o c ie ty  h e ld  a t  U n iv e rs i ty  C o lle g e , London, 
1968, I  was im pressed  by th e  th re e  d im en sio n a l m o lecu la r 
p h o to g rap h s  developed by c ry s ta l lo g ra p h e r s .  The enzymes, 
chym otrypsin , lysozyme end e la s ta s e  appeared  to  have 
’h in g e - l ik e ' s t r u c tu r e s  about th e  a c t iv e  s i t e .  In  s o lu t io n  
t h i s  would a llow  c o n s id e ra b le  f l e x i b i l i t y  o f  th e  'm outh­
l i k e  ' c l e f t  o f  th e  a c t iv e  s i t e .  T h is p o s s i b i l i t y  was n o t
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g e n e r a l ly  a ccep ted  by th e  c ry s ta l lo g r a p h e r s  p r e s e n t ,  b u t ,  
c e r t a i n l y  th e  s t r u c tu r e s  w ith  m inor c l e f t s  d ia m e t r ic a l ly  
b eh in d  th e  a c t iv e  s i t e  c l e f t ,  would appear to  fav o u r a 
f l e x i b l e  h in g e - l ik e  movement. By t r a c in g  th e  p a t t e r n  o f  
th e  amino a c id  r e s id u e s  a t  th e  enzyme s u r fa c e , a re a s  
c o n ta in in g  p red o m in an tly  hydrophobic o r h y d ro p h ilic  g roups 
may be a s s o c ia te d  w ith  th e  enzymic fu n c t io n  o f th e  f l e x i b l e  
m o lecu le  and i t s  b eh av io u r a t  an in te r f a c e .
The s tu d y  o f  th e  e l a s t i c i t y  o f th e s e  f i lm s  has been  
d i f f i c u l t  due to  th e  many v a r ia b le s  in f lu e n c in g  f i lm  
fo rm a tio n , b u t  th e re  i s  every  in d ic a t io n  t h a t  th e  co enzyme 
weakens th e  f i lm s .  F u r th e r  experim ents under w e ll c o n tro l le d  
c o n d it io n s ,  w ith  a more r e l i a b l e  enzyme supp ly  should  p rove 
f r u i t f u l .
J------------------------------------ ------- - -----
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3 . 3 . EFOLASE
E .G .4 .2 .1 .1 1 .
2 -p h o sp h o g ly ce ra te  h y d ro ly ase
BTTRODUCTIOF
E no lase  (m. w t. 82 ,000) c o n ta in in g  two p e p tid e  
c h a in s  c a ta ly s e s  th e  r e a c t io n  2-phosphoglycerate = 
phosphoeno Ipy rnvate  + w ater w ith  an optimum pH o f  7 . 8 . 
D iv a le n t m e ta l io n s  a id  a c t i v i t y .
EXPERIIIEFTAL
A s o lu t io n  ( 3 . 3  mg/ml) o f t h i s  enzyme p re p a re d  from 
r a b b i t  m uscle was made by d i lu t in g  th e  B oehringer su sp en s io n  
w ith  doub le  d i s t i l l e d  w a te r. The subphase used  was 0 .0 3  M 
T ris -H G l, 0 .1  M EGl, 0.0001 M EDTA, pH 6 .9 ,  on w hich t h i s  
p r o t e i n  was r e l u c t a n t  to  sp re ad , th e  sm all l im i t in g  a re a s  
showing no ev idence  o f f i lm  g e la t io n ,  even a t  a  reco rd ed  
10 dynes/cm  su r fa c e  p ressu re . O b serv a tio n s made a t  such 
sm all areas can on ly  le a d  to  te n ta t iv e  c o n c lu s io n s , due to  
th e  h ig h  p r o b a b i l i t y  o f contam inants. The e f f e c t  o f pH 
on sp re a d in g  i s  shown in  E ig . 34. I t  w i l l  be seen  t h a t  
th e r e  i s  a d ram a tic  d ecrea se  i n  th e  s t a b i l i t y  o f  th e  
t e r t i a r y  s t r u c tu r e  a t  pH v a lu e s  in  th e  re g io n  o f 4 and 12.
R eproducable a re a s  were o b ta in e d  u s in g  a s tro n g e r  
enzyme s o lu t io n  (6 .6  m g/m l), (T able  XV).
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T able  XV -  The sp read in g  b eh av io u r o f  e n o la se  f i lm s
Subphase
0 . 0 5  M T ris-H G l, 0 .1  M ECl, 
0 .001 H EDTA, pH 6 .9 -
P
L im itin g  a re a  (m /mg)
1 min 5 min 10 min
Ho a d d i t io n 0 .0 1 -0 .0 3  0 .0 4  0 .0 7
+ 10"^ M 2-MSH 0 .0 9  0 .1 0
+ 'lO "^  M 2-MSH + 10“ 5 M MgGlg 0 .0 4
+ 10~^ M 2-MSH + 10"5 H MgGlg 
+ 10”^  M 2-pho spho g ly c e ra te 0 .026
D e te rm in a tio n  o f  th e  c o n c e n tra tio n  r e l a t io n s h ip  o f  th e  
m e ta l io n  e f f e c t  produced t h a t  shown in  F ig . 35 showing an 
e s t im a te d  v a lu e  o f  4 x M, th e  r e c ip r o c a l  p lo t
e s t im a te  b e in g  8 .3  % 10"^ M, c f .  L i te r a tu r e  v a lu e s  
d e te rm in ed  by Warburg and C h r is t ia n  o f 6 .1  x  10 M a t  
pH 7 . 3  and 2 .8  x 10"^ M a t  pH 6-7-
DISCUSSION
E no lase  i s  an enzyme th a t  has re c e iv e d  a good d e a l o f 
a t t e n t i o n  i n  r e c e n t  y e a rs . The re lu c ta n c e  o f  t h i s  enzyme 
to  sp re ad  a t  th e  a i r -w a te r  in te r f a c e  has meant t h a t  th e  
c o n c lu s io n s  from t h i s  b r i e f  s tu d y , r e l y  h e a v ily  on e x p e r i­
m en ta l accu racy - The p o s s ib le  in c re a s e  in  s t a b i l i t y  due 
to  magnesium io n s  i n  th e  p resen ce  and absence o f  s u b s t r a te  
a re  o f  i n t e r e s t  and m e r its  c lo s e r  s tu d y . The r e s u l t s  ta k e n  
i n  c o n ju n c tio n  w ith  th o se  f o r  a ld o la s e  and tr io s p h o s p h a te
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dehyd rogenase , g iv e  f u r th e r  ev idence f o r  th e  h ig h  
s t a b i l i t y  o f  th e  t e r t i a r y  s t r u c tu r e  o f th e  enzymes o f  
th e  g ly c o ly t ic  pathw ay under p h y s io lo g ic a l  c o n d itio n s  
o f  pH.
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3 .4 . LACTATE DEHYDROGENASE 
E.G. 1 .1 .1 .2 7 .
E - la c ta te  : EAD o x id o red u c ta se
EXPER3IMTAL
A s o lu t io n  o f t h i s  enzyme was sp read  w ith  th e  
fo llo w in g  r e s u l t s ,  (T able XVI).
T able XVI -  The b eh av io u r o f l a c t a t e  deliydrogense f i lm s
Subphase L im itin g  ares( m'^/mg)
0 . 0 3  M ph o sp h a te  b u f f e r ,  
0 .1  H EOl, pE 8 .0  ^ min 3 min
No a d d i t io n 0 .03 0 .0 7
10“'^ M ITAD 0.1 0 .2
1 0 '^  ri EAI + 10"^ ri L a c ta te 0 .13 0 . 3 4
0 . 0 3  H ph o sp h a te  b u f f e r ,  
0 .1  H EGl, pE 6 .8 .
No a d d i t io n 0 .2 4 0 . 3 4
10""^ Ii NADE 0 .3 0 0 .4 6
10"^ Ii NADE+10'"^ Ii p y ru v a te 0 .3 0 0 .4 7
The sp re a d in g  r a t e  showed c o n s id e ra b le  v a r i a t i o n  w itn  
te m p e ra tu re , a  l im i t in g  a re a  o f  0 .29  a f t e r  5 min a t  13° 0
r i s i n g  to  0 .4 9  m^/mg a t  27° C.
DISCUSSION
T his enzyme d i f f e r e d  from th e  o th e r  dehydrogenases so 
f a r  c o n s id e re d  in  t h a t  co enzyme and s u b s tr a te  appear to  
have a  marked d e s t a b i l i s in g  e f f e c t  upon th e  o e r t ia r y  
s t r u c tu r e .
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1 -3 -  PHO^ SPHOGLYCERATE KINASE 
E.G. 2 .7 .2 .3 .
ATP : 3~phospIiogl.ycerate-1-pIio spho t r a n s f e r a s e
INTRODUCTION
P h o sp h o g ly ce ra te  k in a se  (m. wt. 34,000) c a ta ly s e s  th e
r e a c t io n  ATP + 3~PDo sp h o g ly c e ra te  = ADP + 1 ,3 -d ip h o  spho­
g ly c e r a te  a t  pH 6 -9 . liagnesiina i s  e s s e n t ia l  f o r  a c t i v i t y  
a lth o u g h  i t  can he re p la c e d  by manganese.
EXPERII-IENTAL , '
P re l im in a ry  s tu d ie s  o f  t i i i s  B oehringer y e a s t  enzyme 
were c a r r ie d  o u t on a  subphase o f  0 .05  H t r is -H G l, 0 .1  Ii 
KGl, 0.0001 Ii EDTA, pH 6-9) u s in g  a s o lu t io n  o f th e  s to c k  
enzyme d i lu te d  w ith  double d i s t i l l e d  w a te r. L im itin g  a re a s
p 2
o f  0 .01  m /mg and 0 .1 5  m /mg a t  1 and 5 min were re c o rd e d . 
V a r ia t io n s  o f  th e  subphase pH gave th e  l im i t in g  a re a  
r e l a t i o n s h i p  shown in  E ig . 30. E xperim ents p roducing
p
l im i t i n g  a re a s  o f  0 .0 4  m /mg showed no change in  th e  
p re se n c e  o f  10~^ M ATP o r s u b s t r a te .  T his la c k  o f resp o n se  
was confirm ed  by th e  absence o f change in  th e  su rfa c e  
p o t e n t i a l  m easurem ents. The e l a s t i c i t y  m easurem ents do 
show a ten d en cy  f o r  ATP to  weaken th e  f i lm  (E ig . 37)? 
s u f f i c i e n t  to  w a rran t f u r th e r  in v e s t ig a t io n .
DISCUSSION
T his enzyme was v e ry  r e lu c ta n t  to  sp read  w ith in  th e  
optimum pH range  f o r  a c t i v i t y ,  b u t i s  o f fu tu r e  i n t e r e s t  
due to  th e  p o s s ib le  f i lm  weakening in  th e  p re sen c e  o f  ATP,
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s im i la r  to  t h a t  d e te c te d  hy Gheesman, K eele r and 
S ten-K nudsen (^939) i n  t h e i r  o r ig in a l  r e s e a rc h  w ith  
m yosin. E^ v a lu e  quoted by Barman f o r  th e  ATP 
r e a c t io n  i s  '^ .l x  10"^ M and f o r  3-p ho sp h o g ly c e ra te , 
2 X 1 0 “ ^ M.
t'O  *
f
Fig 36. Influence of subphase pH on spread area of
phoauhoglvcerate kinase films.
I
o
t
kI/•O .
Slo 80
Fig 37. Transients of magnetic float for phosphoprlycerate ki-n^se
films on subphases containing ATP.
Subphases: B.D. 0.05 M Tris-HCl, 0.1 M KCl, 0.0001 M EDTA, pH 6.9. '
A.C. 0.05 M Tris-HCl, 0.1 M KCl, 0.0001 M EDTA, 10“^M ATP, 
Surface pressure: A.B. 5 dynes/cm.
C.D. 15 dynes/cm.
Stress on float: 0.4 mg.wt.
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3 .6 . PHOSPHOGLYQERONÜTASE 
E.G. 2 .7 .5 .5 .
■.?-?_3~diphospliogly cer a t e  : 2-ph.o st) ho c e ra te  p h o sp h o tra n s fe ra se  
n^TRODUCTION
Phosphoglycerom utase (m. wt. 57,000 -  64, 000) c a ta ly s e s  
th e  r e a c t io n  g ly c e ra te -5 -p h o sp h a te  = g ly c e ra te -2 -p h o sp h a te  
a t  pH 5 . 9 . Zinc io n s  and g ly c e ra te -2 -p ho sp h a te  i n h ib i t  th e  
enzyme w hich r e q u ir e s  th e  coenzyme, 2 , 5 -d ip h o sp h o g ly c e ra te .
EXPERINENTAL
T his  enzyme, d e riv e d  from r a b b i t  m uscle was sp read  on 
0 . 0 5  M T ris -H C l, 0 .1  M KCl, 0.0001 M EDTA, pH 6 .9  subphase 
u s in g  a s o lu t io n  o f  th e  B oehringer p re p a ra t io n  d is so lv e d  
i n  doub le  d i s t i l l e d  w a te r. L im itin g  a re a s  o f 0 .5 4  and
p
0 .4 8  m /mg a f t e r  1 and 5 min were found, a lth o u g h  th e  
d i f f i c u l t y  found i n  p r e c is e  re p ro d u c tio n  o f th e s e  r e s u l t s  
was s t r o n g ly  in d ic a t iv e  o f ' s t i c k i n e s s ' and ad h esio n  to  
th e  tro u g h  w a l ls .  A d d itio n  o f  H 2 ,5 -d ip h o sp h o g ly ce ra te
a n d /o r  10"^ M s u b s t r a te  f a i l e d  to  produce s ig n i f i c a n t  f i lm  
changes.
F u r th e r  experim en ts a t  pH 5*9 produced l im i t in g  a re a s  
o f  0 .41  and 0 .45  m^/mg a f t e r  1 and 5 and confirm ed th e  
absence  o f  coenzyme o r  s u b s tr a te  in f lu e n c e . The enzyme 
was s tu d ie d  over a wide range o f  subphase pH p roducing  a 
'W  shaped curve (F ig . 38). B urface p o t e n t i a l  and su rfa c e  
e l a s t i c i t y  m easurem ents confirm ed th e  ap p a ren t la c k  o f 
f i lm  i n t e r a c t io n  w ith  s u b s tr a te  o r  coenzyme.
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Discussion
T his enzyme gave r e s u l t s  o f l i t t l e  i n t e r e s t .  I t  had 
been  hoped to  d e te c t  e f f e c t s  due to  th e  co enzyme, analogous 
to  th o se  rec o rd e d  f o r  phosphoglucom utase ( 3 . 7 . ) ,  The 
absence  o f  such e f f e c t s ,  to g e th e r  w ith  th e  u n u su a lly  h ig h  
l im i t i n g  a re a s  as compared w ith  th o se  f o r  th e  o th e r  
g ly c o ly t ic  enzymes, may p o s s ib ly  have been  due to  a  h ig h  
d eg ree  o f  im p u r ity  o f th e  comm ercial p re p a ra t io n . The 
va lue îf quoted by Barman i s  l e s s  th a n  2 x 10""^ H f o r  
g l y c e r a t e - 2-p h o sp h a te  and 5 % 10” ^ M f o r  g ly c e r a te - 3-  
pho sp h a te .
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3-7-  PHOSPHOGLUGOT-ITT'TARTC
B.C. 2 .7 .5 .1 .
B—glucose-'^  )o-ciipliosplia,t6 : D -g lu co se -i-p h o sp h a te
ph.0 spho trao if e r a s e .
IlTTEQjjUGTION
PhosphogluGomutase (m. wt. 62 ,000) c o n s is ts  o f  a
s in g le  p e p tid e  ch a in  and c a ta ly s e s  th e  r e a c t io n  GIP = G6F. 
T h is  enzyme has an e s s e n t ia l  req u irem en t f o r  magnesium io n s  
and a  coenzyme, g lu co se -1 ,6 -d ip h o sp h a te  (G16P). C h e la to rs  
may remove t i g h t l y  hound in h ib i to r y  m eta l io n s , h u t a 
s tro n g  in h ib i to r y  complex betw een P” , GIP, and th e
enzyme can be form ed. The enzyme i s  s ta b le  in  a c e ta te  
b u f f e r  a t  pH 5 -0 , b u t ,  in a c t iv a te d  o u ts id e  th e  range pH
4 -5  ~ 8.5»
EXPSRIIT5HTAL
Enzyme from B oehringer was d i lu te d  w ith  0 .05  H a c e ta te  
b u f f e r ,  pH 5 .0 , to  g ive  a c le a r  s o lu t io n  which sp read  w ith  
th e  fo llo w in g  r e s u l t s  (T able X T II).
The GIP used  w ith o u t G16P was p rep a red  in  th e  
la b o r a to r y ,  w h i ls t  th e  m a te r ia l  c o n ta in in g  1^ 6 G16P was a 
com m ercial p re p a ra t io n .
P ilm s con tinued  to  g ive  l im i t in g  a re a  re d u c tio n s  w ith  
magnesium c h lo r id e  p r e s e n t ,  b u t no s a t i s f a c to r y  c o n c e n tra tio n  
r e l a t i o n s h ip  was rec o rd ed , a lth o u g h  c lo s e r  c o n tro l  o f 
v a r i a b le s  should  maice t h i s  p o s s ib le .  Tne e f f e c t  o f  v a r i a t i o n  
i n  GIP c o n c e n tra tio n  was in v e s t ig a te d  on a subphase con— 
t a in in g  10~^ M magnesium c h lo r id e  (F ig . 59)- L a te r
-  151 -
T able  XVPI -  The b ehav iou r o f pliosphop^lucomuta.se f i l jn,
Subphase pL im itin g  a re a  (m‘~/mg)
0 .0 5  M T ris -H C l, 0.-^ M KCl,
0 .001  H EDTA, pH 7 . 6 .
1 min 5 min
Ho a d d i t io n 0 .5 4 0 .60
+ 10“ 5 M HgClg 0 .46 0 .5 5
+ 10“ '^  M I'ig-Clg 0 .5 5 0 .5 5
+ 10“ ^ H I'lgOlg + 10 ^ II GIP
(Ho G15P) 0 .5 5 0 .3 5
Ho a d d i t io n 0 .5 8
+ 10"^ H MgCl^ 0 .4 9
+ 10"^  II MgClg + 10“ ^ M GIP
(1% G16P) 0 .0 8
p
l im i t i n g  a re a s  o f  0 .6  m /k g  showed t h a t  no a re a  change 
i s  acliieved  w ith o u t th e  p resen ce  o f magnesium c h o rid e .
S u rface  p o t e n t i a l  re c o rd in g s  made d u rin g  th e  above 
ex p erim en ts  showed no changes due e i t h e r  to  uhe m eta l io n  
o r  th e  s u b s t r a te .  These m easurem ents d id  em phasise th e  
need f o r  an a p p a ra tu s  w ith  a g r e a te r  s e n s i t i v i t y  in  tn e  
r e g io n  up to  5 dynes/cm  su rfa c e  p re s s u re  i n  which th e  
m ost marked p o te n t i a l  changes due to  com pression o f th e  
p r o t e i n  f i lm  o ccu r. The in f lu e n c e  o f  pH i n  th e  absence 
o f  magnesium c h lo r id e  i s  shown in  P ig . 1^-0.
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DISCUSSION
T ills enz;yme5 a n o th e r  o f th o se  b e lo n g in g  to  th e  
g ly c o ly t i c  sequence , shows a re a d in e s s  to  sp re a d , th e  
u n fo ld in g  b e in g  ex trem ely  s e n s i t iv e  to  env ironm en ta l 
f a c t o r s -  A m ajo r in f lu e n c e  on p r o te in  s t a b i l i t y  
a p p e a rs  to  be th e  magnesium io n , w ith  magnesium and 
s u b s t r a t e  i n  com bination  b e in g  even more e f f e c t iv e .  
The s u b s t r a t e  i s  unab le  to  s t a b i l i s e  th e  enzyme in  
th e  absence  o f  magnesium. The marked in c re a s e  in  
e f f e c t  o f  th e  s u b s t r a te  c o n ta in in g  th e  coenzyme may 
i n d ic a t e  t h a t  th e  l a t t e r  i s  i n  f a c t  th e  d e c is iv e  
s t a b i l i s i n g  f a c t o r .  D ire c t  work on th e  in f lu e n c e
o f  G16P i s  needed b e fo re  t h i s  system  can be f u l l y
va 
-^4-
u n d e rs to o d . The e s tim a te d  E:^  lu e  o f  1 x  H,
r e c ip r o c a l  p l o t  v a lu e  1 .5  x  10 M (P ig- 4-1; must 
be compared to  v a lu e  o f  6 .3  x 10 ^ M, (Barman).
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3-8 . HEXQKINABE 
E.G. 2 .7 .1 .1 .
ATP : D-hexo se~6~pIio splio t r a n s f e r a s e
INTRODUCTION
H exokinase (m- w t. 98 ,000) c a ta ly s e s  th e  r e a c t io n  
ATP + D-hexose = ADP + D -hexose-6-phosp h a te  a t  pH 6 - 9 -  
T h is  fo u r  c h a in  enzyme r e q u ir e s  magnesium io n s  f o r  
a c t i v i t y ,  a lth o u g h  i t  i s  in h ib i te d  by h ig h  c o n c e n tra tio n s . 
The te t r a m e r  e x i s t s  a t  pH 5-0 and may undergo r e v e r s ib le  
d i s s o c i a t i o n  i f  o x id a t io n  i s  p re v e n te d . A te tra m e r  a t  
pH 8 .0  un d er low io n ic  s t r e n g th  c o n d it io n s , th e  enzyme 
d i s s o c i a t e s  a t  h ig h  io n ic  s t r e n g th  to  a d im er. The 
enzyme may d i s s o c ia t e  in to  fo u r  a c t iv e  su b u n its  a t  
e i t h e r  a c id  o r  a lk a l in e  pH, a lth o u g h  s ix  a c t iv e  com­
p o n e n ts  have been  i s o l a t e d -
EXPERIMTTAL
T his  B o eh rin g e r y e a s t  enzyme gave an o b v io u s ly  
u n s ta b le  s o lu t io n  in  double d i s t i l l e d  w a te r , w ith  th e  . 
g ra d u a l  fo rm a tio n  o f c o ag u la ted  p r o te in ,  and i n t e r a c t io n  
w ith  th e  tro u g h  w a lls ,  p ro d u cin g  v a r ia b le  l im i t in g  a re a s .  
G re a te r  s t a b i l i t y  was ach ieved  by d i lu t i o n  in  co ld  
gXucose and t h i s  s o lu t io n  produced th e  fo llo w in g  r e s u l t s  
w hich were o f te n  v e ry  low l im i t in g  a re a s  and th e r e f o r e  
i n t e r p r e t a t e d  w ith  c a u t io n , (T ab le  XVTII)-
~  -1
T aole  iCVTII -  The sp re ad in g  be liav iou r o f  hexok inase
Subphase 
0 .0 5  H T ris -H C l, 0 .1  M ECl, 
0 .001  II EDTA, pH 8 .3 .
-----------
L im itin g  area(m  /mg)
1 min 5 min
No A d d itio n 0 .0 6 0.11
+ 0 .01  H I%Clg 0 .10 0 .1 5
+ 0 .0 1  K rigClg + 10'"’'" H ATP 0 .09 0 .1 5
+ 0 .01  H lîgClg + 10""^ li ATP
+ 10"^*' H c y s te in e - 0 .1 8
+ 0 .01  M ilgClg + 10“'  ^ H ATP
+ 10” ’^ M c y s te in e  + 10~^ M
g lu co se — 0.04-5
The e f f e c t  o f pH on th e  sp re ad in g  o f  th e  enzyme 
i s  shown i n  F ig- 4-2.
DISCUSSION
The r e s u l t s  show l i t t l e  more th a n  a s t a b i l i s a t i o n  
o f  th e  t e r t i a r y  s t r u c tu r e  o f  th e  enzyme by g luco .se, an 
e f f e c t  w e ll  known in  b u lk  s o lu t io n -  The o v e r a l l  low 
sp re ad  a re a s  b e in g  p o s s ib ly  a r e s u l t  o f  th e  need oo 
u se  1/6 g lu co se  s o lu t io n  as p r o t e in  s o lv e n t.  v a lu e
re p o r te d  f o r  g lu co se  i s  1 x  10 M and 2 x 10 M f o r
ATP (B arm an).
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GI-IAPTEE POUR
U o n -R ly c o ly tic  D ehydrogenases
4 .1 .  ALCQIiOL DEHIDROGEiaSS 
E .G . 1 . 1 . 1 . 1 .
A lc o h o l: UAU o x i io r e d u c ta s e
ESPERiriSITTAL
T h is  enzyme s u p p lie d  by  Sigma i s  a  d ry  s a l t - f r e e  
p r e p a r a t i o n  from  y e a s t ,  r e a d i l y  d i s s o lv e s  i n  0 - 0 5  M 
T ris -H G l b u f f e r ,  pH 7 -6  to  g iv e  a  p r o t e i n  s o l u t io n  o f  
2 .2 8  m g/m l. T h is  s o l u t io n  was sp re a d  w i th  th e  r e s u l t s  
shown (T ab le  X IZ ).
The v a r i a t i o n  o f  l i m i t i n g  a re a  w ith  subphase  pH 
ch an g es  was d e te rm in e d  (P ig .  4-5) - P r e l im in a r y  e x p e r i ­
m en ts to  d e te rm in e  th e  r e l a t i o n s h i p  o f  HAD concen­
t r a t i o n  to  e f f e c t  on th e  enzyme f i lm s ,  f a i l e d  to  
p ro d u c e  s a t i s f a c t o r y  d a ta .
LISGUSSIOH
On th e  p h o sp h a te  b u f f e r ,  a  m arked s t a b i l i s i n g  e f f e c t
o f  HAH on th e  s t r u c t u r e  o f  th e  p r o t e i n  was e v id e n t .
—2v a lu e - f o r  e th a n o l  q u o ted  hy  Barman i s  1 .3  x  10 M 
and 7 . 4  X 10“ ^ M f o r  NAD.
-  "!39 -
T ab le  XIZ -  The s p re a d in g  b e h a v io u r  o f  a lc o h o l
d e h /d ro fren ase
Subphase
0 . 0 5  H T r is -H C l, 0 .1  M EGl, 
pH 7 . 6 .
p
L im itin g  a r e a  (m"/mg)
1 m in 5 m in
Ho a d d i t i o n 0 .2 8 0 . 2 9
+ 10""^ 11 HAD 0 .2 8 0 . 2 9
+ 10~^ ri c y s te in e 0 .2 8 0 . 2 9
+ H e th a n o l 0 .2 8 0 . 2 9
+ 10~*^ 11 z in c  c h lo r id e 0 .2 8 0 . 2 9
C. 0 5  il p h o sp h a te  b u f f e r .
0 .1  M Z C l, pH 8 .0 .
Ho a d d i t i o n 0 . 1 9 0 .2 4
+ 10"^  M c y s te in e 0 . 1 9 0 .2 4
+ 10""^ ' il e th a n o l 0 . 1 9 0 .2 4
+ lO” "^  il z in c  c l i lo r id e 0 . 1 9 0 .2 4
:+ 10"'^ H NAD 0 .1 6 0 : 1 9
+ 2 X 10“ ^ H HAD 0 .0 8 0 .1 1
c>«
{ ^ 34/  ^  NIL t t i l  y
o
03
9
o
033)d0)
od
0)•n
o
oo
I—I
toTj-
%•HP4
-  141 -
4 .2 .  GLUTAMIC DEHYDRQGEITASE 
E.G. 1 . 4 . 1 . 3 .
L - ^ lu ta m a te : EAD o x id o re d u c ta s e  (d e sa a in a tin g )
IHTROEUGTIOCT
G lu tam ic  d eh y d ro g en ase  (m. w t. 1 ,0 0 0 ,0 0 0 )  c a t a ly s e s  
th e  r e a c t i o n  E -g lu ta m a te  + w a te r  + EAE'  ^ = EADH + +
2-0X0g l u t a r a t e  a t  pH 8 .0  -  8 .5 -  T h is  m é ta l lo enzyae  ( z in c )  
c o n ta in s  f o u r  p e p t id e  c h a in s  and i s  a c t i v a t e d  by  a  low 
c o n c e n t r a t io n  o f  EDTA. Z inc com plex ing  a g e n ts  i n h i b i t  
and th e  enzyme w hich  i s  s e n s i t i v e  to  heavy  m e ta l  io n s ,  
h ig h  s a l t  c o n c e n t r a t io n ,  p h o sp h a te  and p o ta s s iu m  io n s .
I t  i s  u n s ta b le  i n  d i l u t e  s o lu t io n s  ( l e s s  th a n  2 - 3  m g /m l), 
o r  below  pH 6 .0 ,  d i s s o c i a t i o n  b e in g  com plete  a t  pH 4 .0 .
The COenzyme has the ability to dissociate the enzyme, 
although NAD, NADH and NADP can cause a reversal of 
dissociation.
EZPEEiriENTAE
T h is  enzyme re c o v e re d  from  b e e f  h e a r t  a s  a  c r y s t a l l i n e  
B o e h r in g e r  p r e p a r a t i o n  was d i f f i c u l t  to  d i s s o l v e ,  b u t  
s o l u t i o n  was r e a d i l y  acco m p lish ed  by  th e  a d d i t i o n  o f  one 
d ro p  o f  i s o - p r o p a n o l  to  p ro v id e  a  f i n a l  p r o t e i n  
c o n c e n t r a t io n  o f  3 -85  m g/m l.
R e s u l t s  (T ab le  XX) w ere v a r i a b l e ,  w i th  e v id e n c e  o f  
’s t i c k i n g ’ to  t ro u g h  w a l ls  and b a r r i e r ,  and i n s t a b i l i t y  
o f  enzyme s o l u t io n .  • "
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T ab le  XX -  The s p re a d in g  b e h a v io u r  o f
g lu ta m ic  d eh y d ro g en ase
Subphase 
0 .0 5  M T ris -H G l, 0 .1  H KGl,
0 .001  II EDTA, pH 8 .5 -
2 ^
L im itin g  a r e a  (m /mg)
1 m in 5 m in
Ho A d d it io n 0 .0 8 0 .11
+ 10~^ II G lu tam ate 0 .1 5 0 . 1 7  '
+ 10“ ^ ÎI G lu tam ate  + 1 .0  H KCl 0 .1 5 0 .1 8
+ 10~^ M G lu tam ate  + 1 .0  H KCl
+ 10“ "^  H NAD 0 .1 5 0 .2 0
No A d d it io n 0 . 0 7 0 .1 0
+ 10“ '^ M NAD 0 .0 9 4 0 .1 5
+ 10""^  ^ K NAD + 10~^ K G lu tam ate 0 .1 8 0 .2 7
No A d d it io n 0 .0 7 0 .1 0
+ 10“ '^ M NADH 0 .0 9 0 .1 5
+ 10“ ^  H NADH + 10“ “^  II ATP 0 .1 5 0 .2 0
Nq A d d it io n - 0 .1 5
+ 10~‘^  II ADP - 0 .1 5
+ 10“ '^ M iADP + 10"“^  M NADH - 0 .1 8
+ 10"^  H ADP + 10""^" M NADH
+ 10“ '^ II ATP - 0 .1 9
No A d d it io n - 0 .1 2
+ 10""^ II ATP - 0 .1 5
The s p re a d in g  r a t e  was d e te rm in e d  o v e r  a  ra n g e  o f  
pH v a lu e s  (P ig . 4 4 ) .  E irp erim en ts  u s in g  a  s t r o n g e r  p r o t e i n  
s o l u t io n  (6  m g/m l) w ere made to  d e te rm in e  th e  co n cen -
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t r a t i o n  r e l a t i o n s h i p  o f  th e  coenzyme and s u b s t r a t e  e f f e c t s .  
The s u b s t r a t e  i n v e s t i g a t io n  was made on th e  above subphase 
c o n ta in in g  10 H NAD- The r e s u l t s  o f  th e s e  ex p erim en ts  
a re  shown i n  F ig s . 45? 46 , 48. M easurem ents o f  th e
s u r fa c e  p o t e n t i a l  (F ig . 47) d em o n stra te  an a p p a re n t
% ■ 1 
change w ith  th e  s u b s t r a te  b u t n o t  w ith  ITAD. E l a s t i c i t y
d e te rm in a tio n s  showed no marked in f lu e n c e s .
DISCUSSION
T his enzyme showed r e lu c ta n c e  to  sp read  under th e  
c o n d it io n s  u se d , b u t ,  does in d ic a te  a  f i lm  s e n s i t i v i t y  
to  b o th  CO enzyme and s u b s t r a t e ,  b o th  p ro d u c in g  a  d e c re a se  
i n  s t a b i l i t y .  T h is i s  n o t so s u r p r i s in g  i n  view  o f  th e  
compact n a tu re  o f  th e  enzyme. I t  would be m ost i n t e r e s t i n g  
g e n tly  to  te a s e  o u t th e  p r o t e in ,  p e rh a p s  on a  u re a  subphase 
and see  i f  th e s e  c o fa c to r  in f lu e n c e s  can be r e v e r s e d , 
th e re b y  p ro v id in g  a  check on f i lm  fo rm a tio n . C e r ta in ly  
t h i s  enzyme p ro v es  e x c i t in g  and w ortliy  o f  f u tu r e  a t t e n t i o n .  
The in d ic a te d  v a lu e  f o r  g lu ta m a te  i s  8 x  10” ^ M, 
r e c ip r o c a l  p l o t  v a lu e  o f  1 x  10""^ M ( L i t e r a tu r e  v a lu e  
(Barman) 1 .8  x  10"-^ M) and f o r  NAD i s  8 x lO"^ H 
( L i t e r a tu r e  v a lu e  (Barman) 2 .0  x  10"^ M) t h i s  l a t t e r  
b e in g  c lo s e  enough to  s t im u la te  more a c c u ra te  d e te rm in a ­
t io n s  u n d er a  v a r ie ty ’’ o f  c o n d it io n s .
-  14/ -  I ' ■
CI-IAPg?EE JIVE
M uscle enzymes w ith  ATP as s u b s t r a te  / ..........   ' ’    '< - „ v/5'-'
5-1-  mOSIH, ACTPT Ai?ri AQgOrilOSIN
INTRODUOTION
A s t u d y  o f  m yosin m onolayers was c a r r ie d  o u t to  
ex tend  th e  s tu d ie s  o f  Cheesman, K e e le r  and S ten-E hudsen  
( 1959) and to  con firm  th e  p re m iss  o f  th e  p r e s e n t  r e s e a r c h ,
i . e .  t h a t  th e  p r o p e r t i e s  o f  p r o t e in  f i lm s  and in  p a r t i c u l a r  
th e  fo rm a tio n  o f  enzyme f i lm s  may be m o d ified  by th e  
p re se n c e  o f  s p e c i f i c  r e a g e n ts  i n  th e  su b p h ase .’ The 
r e s u l t s  f o r  m yosin p r e p a r a t io n s  have proved  to  be th e  
m ost d i f f i c u l t  to  i n t e r p r e t .
PROTEIN PPEPARATIOI?
A ctom yosin and i t s  two c o n s t i tu e n ts  m yosin and a c t in  
were e x t r a c te d  from  th e  e x c ise d 'm u sc le  o f  r a b b i t  a t  0° C.
( i )  Actom yosin
E x c ised  r a b b i t  m uscle was p a sse d  tliro u g h  a  c h i l l e d  
m eat g r in d e r  and e^ rtrac ted  w ith  th r e e  volum es o f  Weber ' s 
s o lu t io n ,  v iz  0 .6  M KCl, 0 .0 4  M NaRCO^, 0 .01  M Na^ 00^.
The m ix tu re  was g e n tly  s t i r r e d  and l e f t  o v e rn ig h t i n  th e
co ld  room.. The m ince was squeezed th ro u g h  gauze and th e
r e s u l t a n t  s o lu t io n  l i g h t l y  c e n tr ifu g e d .  The s u p e rn a ta n t  
was d i lu t e d  w ith  abou t th r e e  volum es o f  d e io n is e d  w a te r 
u n t i l  a  heavy p r e c i p i t a t e  o f  actomyo s in  form ed. T h is 
p r e c i p i t a t e  was c o l le c te d  by l i g h t  c e n t r i f u g a t io n  and
d is s o lv e d  i n  an eq u a l volume o f  W eber's  s o lu t io n .
— 1 ^ 1-S —
As many ’lum ps' o f  p r o t e in  as p o s s ib le  were d is p e r s e d ;  
th e  rem a in d e r were s e p a ra te d  by c e n t r if u g e  and d is c a rd e d .
Tlie actomyo s in  was r e p r e c i p i t a t e d ,  and th e  above 
p ro c e d u re  r e p e a te d . The m a te r ia l  a f t e r  th r e e  p r e c i p i ­
t a t i o n s  was c o n s id e re d  re a so n a b ly  p u re , a lth o u g h  m a te r ia l  
s u b je c te d  to  n in e  p r e c i p i t a t i o n s  was o c c a s io n a l ly  em ployed. 
F in a l  p r e p a r a t io n s  were made up to  0 .5  H KCl and s to re d  
i n  th e  r e f r i g e r a t o r .
( i i )  I t 'o  s in
The m inced m uscle was e x tr a c te d  w ith  th r e e  volumes 
o f  S t r a u b 's  s o lu t io n ,  v iz .  0 .5  M KCl, 0 .1 5  H phospha te  
b u h fe r  (Na^HFO^.-ICH^PO^), pH 6 .5  f o r  t e n  m in u tes  w ith  
g e n t le  s t i r r i n g .  The r e s u l t a n t  system  was v e ry  l i g h t l y  
c e n tr i f u g e d .  The s u p e rn a ta n t  was f i l t e r e d  th ro u g h  p a p e r 
p u lp  and th e  io n ic  s t r e n g th  ( j j  reduced  by d i l u t i o n  w ith  
f o u r te e n  volum es o f  d e io n is e d  w a te r , le a v in g  th e  m yosin 
to  p r e c i p i t a t e  o v e rn ig h t (j,i = 0 .0 4 ) .  A f te r  c a r e f u l ly  
d e c a n tin g  th e  m ajo r p o r t io n  o f  s u p e rn a ta n t ,  th e  m yosin 
was l i g h t l y  c e n tr ifu g e d .  The io n ic  s t r e n g th  was r a i s e d  
to  0 .5  by th e  a d d i t io n  o f  s o l id  KCl, (5 -456  KCl/100 ml g e l ) . 
W ith th e  m yosin i n  s o lu t io n ,  th e  pH was a d ju s te d  to  6 .6  
w ith  s o l id  NaHCO  ^ and s u f f i c i e n t  d e io n ise d  w a te r  added to  
red u ce  th e  io n ic  s t r e n g th  to  0 .2 .  The actomyo s in  p r e c i p i ­
t a t e  was c e n tr ifu g e d  o f f ,  th e re b y  rem oving th e  a c t i n  
im p u r ity  wxiich combines w ith  m yosin to  form  th e  l e s s  
s o lu b le  complex. T liis p ro ce d u re  was re p e a te d  fo u r  tim e s . 
F in a l ly  KCl was added to  0 .5  H and th e  p r e p a r a t io n  was 
s to re d  i n  a f l a s k  w ith  a  minimum a i r  space and a  su r fa c e  
f i lm  o f  to lu e n e  to  p re v e n t b a c t e r i a l  grow th .
-  149 -
( i i i )  A c tin
The re s id u e  o f  th e  m inced m uscle a f t e r  th e  m yosin 
e x t r a c t io n  was u se d , k eep in g  i t  a t  room te m p e ra tu re  f o r  
20 mill, i n  0 .4  % HaRCO^ s o lu t io n .  The system  was d ra in e d
on gauze and th e n  suspended f o r  a f u r t h e r  20 min i n  a
s o lu t io n  c o n ta in in g  0 .0 5  M lIslICO^ and 0 .0 5  H ilapCO^, ^  ^ j
The p r e p a r a t io n  was c e n tr ifu g e d  and washed tw ice  i n
5 - 1 0  volum es o f  d i s t i l l e d  w a te r . The r e s id u e  was 
suspended i n  on eq u a l volume o f  ace to n e  u s in g  a  W aring 
h le n d o r . The honogenate  was s t r a in e d  on gauze and 
reSUSPended i n  a c e to n e . A f te r  f i l t e r i n g  and d r y in g , 
th e  m a te r ia l  was tw ice  washed w ith  ch lo ro fo rm  to  remove 
l i p i d s ,  d r ie d  th o ro u g h ly  and c o ld - s to r e d  i n  a  d e s ic c a to r .  
A c tin  s o lu t io n s  were made oy e x t r a c t in g  th e  ace to n e  powder 
w ith  d e io n is e d  w a te r  f o r  20 m in.
EXPERIMENTAL
The actomyo s in  and m yosin were p re p a re d  i n  t h i s  
la b o r a to r y  and s to re d  under 0 .5  M KCl a t  4^ C f o r  im m ediate 
use  Zand u n d er 50^ g ly c e r o l  f o r  lo n g e r  s to ra g e  a t  -15°C . 
I n i t i a l l y  subphases o f  0 .01  11 T ris -H C l, 1 .0  M KCl, pH 7 -4 , 
i n  d e io n is e d  w a te r were used, w ith  th e  sp re a d in g  s o lu t io n s  
(2 -6  mg p ro te in /m l)  form ed by d i l u t i n g  th e  s to c k  enzyme 
w ith  c o ld  b .5  M KCl, u s u a l ly  r e q u i r in g  c a r e f u l  rem oval o f  
some n o n -d isp e rs e d  m a te r ia l .  E a r ly  work was hampered by 
d i f f i c u l t y  w ith  th e  Agia sy r in g e  due b o th  to  th e  n a tu re  
o f  th e  p r o t e in  and th e  h ig h  s a l t  c o n c e n tr a t io n  o f  th e  
s o lu t io n s .  T his was l a r g e ly  overcome by re p e a te d  w ashing
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o f  th e  e:rposed stem  o f  th e  p lu n g e r . R eplacem ent o f  th e  
m e ta l n e e d le  o f  th e  sy r in g e  w ith  an a l l - g l a s s  n e ed le  
was a u s e f u l  d e v ic e , d e s i r a b le  on chem ical g ro u n d s , and 
mailing i t  e a s i e r  to  d e te c t  p r e c i p i t a t i o n  o f  p r o t e in  i n  
th e  c o n s t r i c t i o n s  o f  th e  s y r in g e .
I'lyosin f i lm s  g e l  v e ry  e a s i l y  a t  low s u r fa c e  p r e s s u r e s .  
The f i r s t  m yosin p r e p a r a t io n  used  was f iv e  weeks o ld  and 
r e s u l t s  o b ta in e d  w ith  i t  cou ld  n o t be re g a rd e d  as 
d e f i n i t i v e .  I t  was n e v e r th e le s s  used  i n  some i n i t i a l  
e x p e rim e n ts .
p
L im itin g  a re a s  o f  0-55 -  0 .5  m '/m g were o b ta in e d  w ith  
a  s l i g h t  a re a  in c r e a s e  due to  f u r t h e r  ag e in g  o f  th e  p r e ­
p a r a t io n .  These a re a s  were c o n s i s t e n t ly  reduced  by up 
to  20% by  c o n c e n tra t io n s  o f  ATP (msacimum 10"^ H) p r e s e n t
__c
i n  th e  subphase . P ilm s were s e n s i t iv e  to  10 M ATP.
TjTpical exam ples a re  shown i n  P ig s . 49 , 504 T able XZI 
where th e  p r o t e in  s o lv e n t  was O. 5  K KOI, t h i s  b e in g  l e s s  
dense th a n  th e  subphase so as  to  aid . f i lm  fo rm a tio n .
Eveji so , sp re a d in g  te c h n iq u e s  r e q u ir e d  c o n s id e ra b le  c a re  
to  g iv e  c o n s is te n c y .
These r e d u c t io n s  i n  l im i t i n g  a re a  were u s u a l ly  
a s s o c ia te d  w ith  le s s e n in g  o f  f i lm  e l a s t i c i t y  P ig . 50,
(T ab le  KKI) a lth o u g h  n o t i n  ev ery  c a se .
I t  was n o ted  t h a t  th e  s to c k  p r o t e i n  became in c r e a s in g ly  
v is c o u s  w ith  age.
FIk A9. The influence of ATP on the myosin spreading rate. 
üubphases: D. 0.01 M Tris-HCl, 0.6 M KOI, pH 7.8.
D, 0.01 M Tris-HCl, 0.6 M KOI, pH 7.8, 10“^M ATP,
C. 0,01 M Trié-HCl, 0.6 M KOI, lO'^M ATP, pH 7.8,
B. 0.01 M Tris-HOl, 0.6 M KOI, lOT^M ATP, pH7.8, 10“^M CaCl,i
A. 0.01 M Tris-HOl, 0,6 M KOI, lO^'Hl ATP,
Fi^ 50. Transients of magnetic float for myosin films on subphases
containing ATP.
Surface pressure: 10 dynes/cra, . Stress on float: 1.2 mg.wt.
13. 0.01 M Tris-HCl, 0.6 M KCl, pH 7.8.
D. 0.01 M Tris-HCl, 0.6 M KCl, 10“Sl ATP, pH 7.8.
C. 0.01 M Tris-HCl, 0.6 M KCl, ICT^M ATP, 10‘Sl CaCl^.pH 7.8.
B. 0.01 M Tris-HCl, 0.6 M KCl, 10“^M ATP, pH 7.8.
A, 0,01 M Trio-HCl, 0.6 M KOI, ICT^N ATP, pH 7 . 8 ,
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T able XXI -  E f f e c t  o f  ATP on f i lm s  o f  a^ed m yosin
(P ilm  p re s s u re  = 10 dynes/cm )
Subphase Area
(m^/mg)
D is tan ce  moved by 
m agne tic  f l o a t  
( s t r e s s  = 1 .2  mg/wt)
(mm/20 se c )
0 .01  M T ris-H O l , 1 '
0 .6  M KCl, pH 7-8 0 .3 0 2 .4
+ 10“® M ATP 0 .495 2 . 5
+ 5 X 10“® M ATP 0 .4 8 4 -
+ 10“ 5 M ATP 0 .4 5 3 .5
+ 10“^  M ATP 0 .3 6 4 . 5
+ 10“^  M ATP 
+ 10“4 H CaOlg 0 .4 3 2 .8
A second , r a p id ly  p re p a re d  and h ig h ly  a c t iv e  m yosin 
was a p p lie d  to  th e  a i r - w a te r  i n te r f a c e  w ith in  24 hou rs 
o f  p r e p a r a t io n .  T h is m a te r ia l  was c o n s id e re d  abnorm al 
by my c o lle a g u e  Mrs. A- P r i s to n  i n  t h a t  i t  gave no DhP 
a c t iv a t io n  o f  ATPase a c t i v i t y  (G r e v il le  and Needham 1955)"
The l im i t i n g  a re a  o f  0 .3 7  m /mg showed a  r e d u c t io n  to  0 .31
?  —4m /mg due to  th e  p re se n c e  o f  10 H ATP and was a s s o c ia te d
w ith  s l i g h t  f i lm  w eakening. T h is p r e p a r a t io n  was sp read
on a subphase c o n ta in in g  0 .6  M KCl w hich was now adop ted  
as s ta n d a rd . The a d d i t io n  o f  10"^ M magnesium c li lo r id e  
o r  ca lc ium  c h lo r id e  gave s t i f f e n e d  f i lm s .
s e c s
TiKl^
Transients of magnetic float for synthetic
films on subphases containing ATP.
Subphases; A. 0.01 M Tris-HCl, 0.6 M KCl, pH 7.8.
B. 0.01 M Tris-HCl, 0.6 M KCl, 10”^M ATP, pH 7.8.
C. 0.01 M Tris-HCl, 0.6 M KCl, lO'^M ATP, 10”^M MgCl^, pH 7.8,
Surface pressure: 10 dynes/cm.
Stress on float: 1.2 mg.w.t.
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A sm all amount o f  a c t i n  p r e p a r a t io n  (1 :2 5  w/w p r o te in )  
was added to  t h i s  m yosin to  form  a 's y n t h e t i c '  ac tom yosin
p
w hich sp re ad  to  g iv e  a  l im i t i n g  a re a  o f  0 .4 6  m /mg, 
in c re a s e d  to  0 .5  m^/mg by th e  p re se n c e  o f  H ATP.
Tliis a d d i t io n  a ls o  p roduced  a marked s t i f f e n i n g  e f f e c t ,  
w ith  '^0 li magnesium c li lo r id e  enhancing  th e  in f lu e n c e  
(P ig . 51)" A r e p e a t  o f  t h i s  experim en t a  few days l a t e r  
produced  no a re a  e f f e c t s  due to  th e  a d d i t io n  o f  ^0^^ H
p
ATP, a  l im i t i n g  a re a  o f  0 .5  ai /mg showing a  s l i g h t  in c r e a s e ,  
p o s s ib ly  due to  f u r t h e r  a g e in g . ATP (10"^  li) produced  
marked w eakening o f  th e  f i lm  w hich was re v e rs e d  by th e  
p re se n c e  o f  magnesium c h lo r id e  (^0 "^  M) w hich a ls o  reduced  
th e  l im i t i n g  a re a .
These e x p e rim en ts  were re p e a te d  u s in g  f r e s h  p r e ­
p a r a t io n s  o f  's y n t h e t i c '  ac tom yosin  w ith  w eigh t r a t i o s  o f  
1 :25  and 1 :5 - The low a c t in  reco m b ian t p roduced  an a re a  o f  
0 .5 1  r i s i n g  to  0 -55  m^/mg w ith  th e  p re se n c e  o f  10"^ li ATP, 
t h i s  a d d i t io n  a ls o  c r e a t in g  w eaker f i lm s ,  th e  p r o t e in  i n  
f a c t  b e in g  s e n s i t iv e  to  ATP c o n c e n tra t io n s  a s  low as 
5 X 10“® I‘I. 1 -
The h ig h  a c t in  c o n te n t m a te r ia l  p roduced  an a re a  w hich 
in c re a s e d  (O. 5  -  0 .5 7  n ’^/mg) due to  th e  p re se n c e  o f  10 ' H 
ATP. T h is”ATP a d d i t io n  s t i f f e n e d  th e  f i lm , b u t ,  was 
e lim in a te d  o r  even re v e rs e d  by th e  a d d i t io n  o f  10"^ H 
calc ium  c h lo r id e .
A f u r t h e r  m yosin p r e p a r a t io n  w hich to o k  th r e e  days to  
com plete  p roved  to  be v e ry  much l e s s  v is c o u s  th a n  p re v io u s  
p r e p a r a t io n s  and a ls o  p o sse s se d  h ig h  a c t i v i t y .  A l im i t in g  
a re a  o f  0 . 5 2  m^/iag was c o n s i s t e n t ly  ach iev ed  and rem ained
‘56
in e x p l ic a b ly  u n re sp o n siv e  to  AT?, w ith  o r  w ith o u t th e  
p re se n c e  o f  calc ium  o r  magnesium c h lo r id e .
T h is b e h av io u r was confirm ed  by a f u r t h e r  f r e s h  m yosin 
p r e p a r a t io n .  A m yosin p r e p a r a t io n  was e x tr a c te d  in  an 
e x e rc is e  to  p re p a re  a l l  t l i r e e  p r o te in s  in c lu d in g  actom yosin  
and a c t in  from  a  s in g le  r a b b i t .  T h is ra p id  p r e p a r a t io n  
produced  m a te r ia l  t h a t  showed marked a re a  ex p an sio n  (0 .5 7  -
o —
0 .8 4  m /mg) due to  th e  p re se n c e  o f  "^ 0 li ATP- T his 
p r o t e i n  was sp read  from  a much l e s s  dense s o lv e n t (0 .1  M 
K C l). T h is  e f f e c t  co n tin u ed  to  be rec o rd e d  f o r  s e v e ra l  
days even though  th e  s to c k  p r o t e in  had to  be c o n t in u a l ly  
c le a re d  o f  p r e c i p i t a t e d  p r o t e in .  I t  was a ls o  de te rm ined  
t h a t  in c r e a s in g  th e  subphase KOI c o n c e n tra t io n  from 0 .6  
to  ^ .0  M enhanced th e  sp re a d in g  r a t e .
Crude m yosin ( tw ic e  p r e c i p i t a t e d )  f r a c t i o n s  were sp re ad  
on th e  s ta n d a rd  subphase . A tw ice  p r e c i p i t a t e d  p r o t e in  
w hich had been  k e p t f o r  8 days gave a  l im i t i n g  a re a  o f  
0 . 5 5  m'^/mg w hich was reduced  to  0 .5 0  m^/mg by 10~^ M ATP, 
t h i s  r e d u c t io n  b e in g  accom panied by a p l a s t i c i s i n g  e f f e c t .
A r e p e t i t i o n  o f  t h i s  experim en t two days l a t e r  showed no 
re sp o n se  to  th e  p re se n c e  o f  ATP w ith  and w ith o u t added 
ca lc ium  o r  magnesium c h lo r id e .
A ctom yosin was p re p a re d  s e v e r a l  tim es and in v a r ia b ly
showed an a re a  in c r e a s e ,  a s s o c ia te d  w ith  s l i g h t  f i lm
w eakening due to  th e  p re se n c e  o f  ATP in  th e  subphase ,
a lth o u g h  s t i f f e n i n g  was a ls o  ob serv ed  as th e  p r e p a r a t io n s
2
aged. L im itin g  a re a s  o f  0 .4 5  -  0 -54  m /mg were rec o rd ed
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w ith  in c r e a s e s  up to  20%. E xperim en ts were d esig n ed  to  
a r t i f i c i a l l y  age actom yosin  w ith  p r o t e in  s o lu t io n  s u b je c te d  
to  50 and 60 m in u tes  a t  57° 0 p ro d u c in g  th e  fo llo w in g  
r e s u l t s  (T ab le  S Z II ) .
T able XXII -  The r e l a t i o n s h ip  o f  a g e in g , ATP and 
GaGlo on aged actom yosin
P r o te in S tan d ard
subphase
Subphase + 
10"^ M ATP
Subphase + 10*^ li 
ATP + 10"^ H CaClg
Area0
m^/mg
Area
2
m /mg E l a s t i c i t y
Area
2
m /mg E l a s t i c i t y
U n tre a te d 0 .5 8 0 .4 9 Weaken 0 .4 9 No change 
due to  Ga^^
3 0 ' a t  37°< ; 0 .5 6 0 .4 5 Weaken 0 .4 5 Ga^^ r e v e r s e s  
ATP e f f e c t
6 0 ' a t  37°< ; 0 .5 6 0 .4 5 Sm all
w eakening
e f f e c t
0 .4 5 Ga^^ enhances 
d im in ish ed  ATP 
e f f e c t
A c tin  alw ays sp read  w ith  e a se , g iv in g  l im i t i n g  a re a s
2
i n  th e  ran g e  0 .7  -  0 .8 5  m /mg.
GONGLUSIONS
A f e a tu r e  o f  th e  su r fa c e  f i lm  b e h av io u r o f  m yosin 
a p p ea rs  to  be th e  a b i l i t y  o f  th e  s u b s t r a te  (ATP) to  i n h i b i t  
s p re a d in g , a lth o u g h  t h i s  has n o t alw ays been  o bserved  and 
one experim en t has i n  f a c t  shown marked in c re a s e  i n  a re a . 
T h is l a t t e r  r e s u l t  may be due to  an ' im p u re ' p r e p a r a t io n  
o r  connec ted  w ith  th e  a l t e r a t i o n  to  th e  d e n s i ty  d i f f e r e n t i a l  
betw een  sp re a d in g  s o lv e n t and th e  subphase . L a j th a  and
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S id e a l  (1952) concluded  from  t h e i r  ex p erim en ts  t h a t  
sp re a d in g  i s  dependan t on s a l t  c o n c e n tra t io n  i n  th e  
subphase , d e n s i ty  o f  th e  p r o t e in  s o lv e n t ,  a v a i la b le  
s u r fa c e  a re a  and tim e p r i o r  to  com pression . These 
a u th o rs  la y  em phasis on th e  f i r s t  two f a c t o r s ,  t h e i r  
r e l a t i o n s h i p  b e in g  more im p o rta n t th a n  th e  in d iv id u a l  
v a lu e s .  I t  was f u r t h e r  re c o rd e d  i n  t h e i r  p a p e r t h a t  
sp read  f i lm s  a re  u n a f fe c te d  by su b seq u en t a d d i t io n s  o f  
ATP, t h i s  r e s u l t  b e in g  confirm ed by my e x p e rie n c e  and 
t h a t  o f  Gheesman and D avies (1 9 5 4 ). These c o n c lu s io n s  
do em phasise t h a t  t h i s  ty p e  o f  s tu d y  i s  concerned  w ith  
changes i n  f i lm  fo rm a tio n  r a t h e r  th a n  w ith  a l t e r a t i o n s  
to  a lr e a d y  sp read  p r o t e in  f i lm s .
The p re se n c e  o f  a c t i n ,  even in  low amounts has been  
shown to  r e s u l t  i n  ex p an sio n  o f  a re a  i n  th e  p re se n c e  o f  
ATP, p resum ab ly  due to  s e p a ra t io n  o f  th e  two c o n s t i tu e n t  
p r o t e in s .  G e r ta in ly  actom yosin  p re p a re d  d i r e c t l y  has 
shown c o n s i s te n t  a re a  expansion  due to  th e  p re se n c e  o f  
ATP,, as r e p o r te d  h e re  and by Gheesman e t  a l .  (^959)?
L a j th a  and R id e a l (1952) and M unch-Petersen  (1 9 ^ 8 ).
The sm all b u t s i g n i f i c a n t  a re a  r e d u c t io n s  due to  ATP 
t h a t  have been  re c o rd e d  can th e r e f o r e  be v e ry  e a s i l y  
m asked, e s p e c ia l ly  a s  th e  p u r i t y  o f  th e s e  p r e p a r a t io n s  i s  
d o u b tfu l  (Young 1969). Gheesman (1952) r e p o r t s  t h a t  a c t in -  
f r e e  m yosin sp re a d s  more e a s i l y  th a n  actom yosin  and i t  i s  
p o s s ib le  t h a t  th e  p r o t e in  a s s o c ia t io n  s t a b i l i s e s  p a r t  o f  
th e  m yosin m olecu le  and in  f a c t  th e " ^ c t in  c o n s t i tu e n t  
cou ld  be h ig h ly  fo ld e d . I f  t l i i s  were so , even a sm all
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q u an tity  o f  a c t in  r e le a se d  so th a t i t  could un fo ld  would 
n o tic e a b ly  in f lu e n c e  spreading r a te s .
Gheesman (1952) reported  s im ila r  area red u ctio n s due 
to  the e f f e c t  o f  ATP on myosin f i lm s ,  but in  a la t e r  paper 
Gheesman e t  a l .  (1959) no m ention i s  made o f  t h i s  e f f e c t .  
Tliis paper rep o rts  no e f f e c t  o f  ATP on the area o f  myosin  
f i lm s . The red u ctio n  in  l im it in g  area was u su a lly  absent 
in  la t e r  experim ents w ith  the same p r o te in  and i t  i s  
tem pting to  su ggest th a t ageing under c e r ta in  co n d itio n s  
e lim in a te s  the p o s s i b i l i t y  o f  the e f f e c t .
M unch-Petersen (1948) and L ajtha and R ideal (1952) 
rep ort a p o s i t iv e  ATP e f f e c t  and one might venture to  
q u estio n  the p u r ity  o f  th e ir  p rep a ra tio n s. These two 
la b o r a to r ie s  did use a method o f  p rep aration  based on
ft
the e a r ly  work o f  Szent-G yorgyi (1941; 1947) which I  
fo llo w ed  in  p r in c ip le .  Gheesman e t  a l .  (1959) on the  
oth er  hand used the method o f  Mommaerts and P a rr ish  (1951)" 
These authors claim ed a h igher p u r ity  fo r  th e ir  p rep ara tion , 
which showed on ly  a s in g le  band in  the u lt r a  c e n tr ifu g e ,  
d if f e r in g  in  t h i s  r e sp e c t from the l e s s  homogeneous 
p rep ara tion  o f  Szent-G yorgyi.
G er ta in ly , knowledge regard ing the s tr u c tu r a l p r o te in s  
o f  m uscle e x tr a c ts  has in creased  s in c e  1952. The most 
p e r tin e n t advance has been the r e s o lu t io n  o f  the r e la x in g  
p r o te in  system  (R PS), a complex o f  tropom yosin and the  
ra th er  i l l - d e f in e d  trop on in , which i s  a sso c ia te d  w ith  the  
a c t in  in  the th in  fila m e n ts  o f  the m y o fib r il . The RPS
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can a c t  a s  an i n h i b i t o r  o f  th e  magnesium io n  a c t iv a te d  
ATPase o f  th e  actom yosin  complex b u t th e  in l i ib i to r y  
a c t io n  i s  removed by c a lc irm  io n s ,  w hich i t  b in d s  and 
which a p p a re n t ly  a l t e r s  i t s  c o n f ig u ra t io n .  The ATPase 
o f  m yosin i s  n o t a c t iv a te d  by magnesium io n s  e x cep t i n  
th e  p re se n c e  o f  a c t i n ;  i t  i s  commonly b e lie v e d  t h a t  th e  
energy  f o r  m uscu la r c o n tr a c t io n  i s  p ro v id ed  i n  th e  
m ag n esiu m -ac tiv a ted  s p l i t t i n g  o f  ATP by th e  actom yosin  
complex and t h a t  t h i s  p ro c e s s  i s  c o n tro l le d  by th e  
ca lc ium  io n  c o n c e n tr a t io n  w hich d e te rm in e s  th e  
e f f e c t iv e n e s s  o f  th e  EPS as an i n h i b i t o r .
The work o f  P e r ry  and h i s  c o l la b o r a to r s  has shown 
q u i te  d e f i n i t e l y  t h a t  p r e p a r a t io n s  o f  actom yosin  by 
d i r e c t  e x t r a c t i o n  from  m uscle c o n ta in  th e  EPS, in a c t iv a te d  
by bound ca lc ium  io n s ,  so t h a t  rem oval o f  th e s e  io n s  by a 
c h e la t in g  a g en t such  as  EGTA r e s u l t s  i n  i n h i b i t i o n  o f  th e  
m ag n es iu m -ac tiv a ted  ATPase. In  aged p r e p a r a t io n s  o f  
ac tom yosin , on th e  o th e r  hand, t h i s  EGTA s e n s i t i v i t y  i s  
n o t shown, n o r i s  i t  found w ith  ' s y n th e t ic  ' ac tom yosin  
form ed from  p u r i f i e d  p r e p a ra t io n s  o f  th e  two p r o te in s .
In  such  sy s tem s, th e  RPS has c l e a r l y  been  in a c t iv a te d .
I t  i s  hence e v id e n t t h a t  'a c to m y o s in ' p r e p a r a t io n s  
may be o f  a v e ry  v a r ie d  n a tu r e ,  a s t a t e  o f  a f f a i r s  t h a t  
i s  made more co m p lica ted  by th e  l a b i l i t y  o f  th e  ca lc iu m - 
a c t iv a te d  ATPase o f  m yosin i t s e l f .
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The in creased  area o f  actom yosin f i lm s  when spread  
on a snhphase co n ta in in g  ATP may r e a d ily  be exp la in ed  
by the d is s o c ia t io n  o f  the actom yosin complex when i t  
comes in to  con tact w ith  the n u c le o t id e , w ith  a con­
sequent l a b i l i s a t io n  o f  the t e r t ia r y  s tru ctu re  o f  the  
component p r o te in s . The p resen t work, in  common w ith  
th a t o f  Gheesman e t  a l .  (1959) shows th a t the e f f e c t  o f  
ATP i s  to  reduce the e l a s t i c i t y  o f  'n a tu r a l' actom yosin  
f i lm s , but t h i s  e f f e c t  i s  converted to  a s t i f f e n in g  w ith  
f i lm s  o f  the 's y n th e t ic '  p r o te in . I t  might be su ggested  
th a t in  f r e s h ly  spread f ilm s  th ere  i s  r e te n t io n , a t l e a s t  
in  the presen ce  o f  ATP, o f  the stru c tu re  o f  the ATP-binding 
s i t e s  o f  the m yosin. ATP bound a t th ese  s i t e s  could then  
preven t the form ation  o f  in term o lecu la r  lin k a g e s  in  the  
f i lm  by an e le c t r o s t a t i c  charge e f f e c t ,  and/or by the  
b lo ck in g  o f  groups which would o th erw ise  p a r t ic ip a te  in  
th e se  lin k a g e s . Gheesman e t  a l .  (1959) found th a t the  
p l a s t i c i s in g  e f f e c t  o f  ATP d isappeared , and was f i n a l l y  
converted to  a s t i f f e n in g  e f f e c t ,  when the actom yosin was 
incubated a t 57° G b efore  spreading. Although t l i i s  e f f e c t  
has not been reproduced in  the p resen t work, a s im ila r  
o b serv a tio n  has been made w ith  's y n th e t ic '  actom yosin .
This opens the p o s s i b i l i t y  th a t when EPS-free actom yosin  
i s  spread,, ATP can s e t  up c r o s s - lin k in g  between a c t in  and 
myosin or can induce the form ation  o f  such c r o s s - lin k a g e s .  
With 's y n th e t ic '  actom yosin , calcium  io n s  appear to  rev erse  
t h i s  c r o s s - lin k in g  e f f e c t ,  a phenomenon which could be 
exp la in ed  by the n e u tr a l is a t io n  o f  the tr ip h osp h ate  group 
o f  the ATP.
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I t  i s  now ev id en t th a t much more c o n s is te n t  and 
rep rod u cib le  r e s u l t s  could perhaps have been obtained  
w ith  actom yosins o f  the 's y n th e t ic '  type in  which the  
m yosin had been c a r e fu lly  freed  from d iv a le n t  c a tio n s  
w ith  c h e la t in g  agents- Under th ese  circu m stances, 
e f f e c t s  (or  the absence th e r e o f)  found in  the presence  
o f  c a lc iim  and magnesium io n s  could have been more 
s ig n if ic a n t .
E f fe c t s  o f  magnesium and ceAcium io n s  are d i f f i c u l t  
to  a s s e s s ,  s in ce  in  my r e la t iv e ly  crude p rep aration s  
th e se  may have been p resen t in  amounts adequate fo r  
a c t iv a t io n  o f  enzyme a c t iv i t y .  Their freq u en t power to  
s t i f f e n  f i lm s  may m erely rep resen t a n o n sp e c if ic  c r o ss -  
l in k in g  a c t io n  on the unfolded p r o te in  m o lecu les .
The sm all area red u ction s in  myosin f i lm s  due to  
the presen ce  o f  ATP could be r e la te d  to  analogous e f f e c t s ,  
presumably due to  enzym e-substrate in te r a c t io n s  found 
w ith  o th er  enzymes stu d ied  in  the p resen t work.
E la s t i c i t y  o f  f i lm s  measured by the m agnetic f l o a t  
method has on ly  been recorded here and by Gheesman e t  a l  
( 1959) who found th a t the in f lu e n c e  o f  ATP on myosin and 
indeed actom yosin tended to  d isappear as the p r o te in  aged, 
e f f e c t s  w ith  m yosin b ein g  t o t a l l y  absent a f t e r  fou rteen  
days. In flu en ce  on any p r o te in  f i lm  was a lso  tr a n s ie n t  
and disappeared a f t e r  f i f t e e n  m inu tes, which su g g ests  th a t  
the lo s s  i s  due to  in creased  su rface  d én atu ration . This in  
turn in d ic a te s  th a t ATP in te r a c t s  w ith  n a tiv e  p r o te in
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components i n  th e  f i lm , w hich te n d s  to  be confirm ed  by 
th e  p e r s i s t a n c e  o f  th e  ATP e f f e c t  a t  h ig h e r  s u r fa c e  
p r e s s u r e s  where n a t iv e  c o n f ig u ra t io n s  m ight be ex p ec ted  
to  be more s t a b le .
These and p re v io u s  r e s u l t s  may be summ arised as 
fo llo w s  (T ab le  X X III) :
T able XXIII -  E f f e c t s  o f  ATP on sp re a d in g  and
e l a s t i c i t y  o f  m yosin and actom yosin  
f i lm s
----------------------------
1 Source i  Myosin 1 "N atural” actom yosin
.............
; Area1 E la s t i c i t y
I
!
Area E l a s t i c i t y
i
! M unch-P etersen  
! (1948)
1 . . .
i  1 0 0 %
t  in c re a s e
!
i
509^
: in crea se -
1
Lajtha & E id ea l 
(1952)
0^(y/o
in crea se -
50%
in crea se -
Gheesman (1952)
1
decrease - in crea se -
Gheesman e t  a l .
(1959)
No
change weaken in crea se weaken
Eobson ( in  most 
experim ents) decrease weaken in crea se weaken
I t  may w e ll b e , th e r e f o r e ,  t h a t  even a t  th e  p r e s e n t  
s t a t e  o f  o u r know ledge, a f u l l  i n v e s t i g a t i o n  o f  th e  s u r fa c e  
p r o p e r t i e s  o f  th e  m y o sin -ac tin -E P S  system  cou ld  y ie ld  
v a lu a b le  in fo rm a tio n  abou t th e  r e l a t i o n s h i p s  o f  th e s e  
p r o t e in s .
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5 .2 . NYOKINASE 
E.G. 2 . 7 . 4 . 5 . ■
ATP:AMP p h o sp h o tra n s fe ra se
INTRODUGTICN
M yokinase (m. w t. 21 ,000 ; c a ta ly s e s  th e  r e a c t io n
AMP + ATP = ADP + ADP a t  pH 7 .5  send i s  a c t iv a te d  by 
magnesium io n s . The re p o r te d  f o r  ATP i s  5 % 10"^ M 
and f o r  AMP i s  5 % 10"^ M. (B arm an).
BXPEEIMEITTAL
S tu d ie s  were made u s in g  th e  enzyme s o lu t io n  formed 
by d i l u t i n g  th e  c r y s t a l l i n e  B o eh rin g e r p r e p a r a t io n  from  
r a b b i t  m uscle w ith  doub le  d i s t i l l e d  w a te r to  g iv e  a 
p r o t e i n  c o n c e n tr a t io n  o f 1 .5 7  mg/ml. D esp ite  th e  
d i f f i c u l t i e s  en co u n te red  i n  th e  fo rm ing  and h a n d lin g  o f  
th e s e  s o lu t io n s ,  th e  re p o r te d  s e n s i t i v i t y  to  g la s s  s u r f a c e s  
b e in g  co n firm ed , th e  fo llo w in g  r e s u l t s  were o b ta in e d  
(T ab le  XXIV).
T h is b e h a v io u r  was rep ro d u ced  on s e v e ra l  o c c a s io n s  
b u t  e l a s t i c i t y  and s u r fa c e  p o t e n t i a l  r e c o rd in g s  f a i l e d  to  
show any s i g n i f i c a n t  changes i n  f i lm  p r o p e r t i e s .
DISGUSSION ■
These p r e s s u r e - a r e a  r e s u l t s  were more v a r ia b le  th a n  
would be p r e f e r r e d ,  n e v e r th e le s s  th e y  in d ic a te  t h a t  t h i s  
enzyme i s  f a i r l y  e a s i l y  sp read  a t  th e  a i r - w a te r  i n t e r f a c e  
and m ost r e s i s t a n t  to  sp re a d in g  when a l l  components o f  
th e  a c t iv e  system  a re  p r e s e n t .
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T able XXIV -  The behavioTii? o f  myok in a s e  f i lm s
Subphase
- -------------
L im itin g  a re a  (m /mg)
0 .0 5  M p h o sp h a te , 0 .1  M KGl,pH 7 . ) 1 min 5 min
Ho a d d i t io n 0.41 0 . 4 7
+ -10“^  M MgClg 0.41 0 .4 7
+ 10“ '^ M MgClg + 10"^ H AI'IP 0.41 0 .4 8
+ 10"'^ M rigOlg + M AI'IP
+ 5 X 10"^ M ATP 0 .5 6 0.41
Ho a d d i t io n 0 .4 0 0 .4 7
+ 10“ 5 H MgClg 0 .4 0 0 .4 7
+ 10"^ M MgClg + -lO"^ N Al-iP 0 .4 0 0 .4 7
+ 'I0~^ M MgClg + 10~^ n  AKP
+ 5 X M ATP 0 .5 0 0 .5 6
Ho a d d i t io n 0 .41 _
+ 'io~^ ri Mgoig 0.41 -
+ 10“ ^ M MgOlg + 10“ ^ H ADP 0 .5 7 -
Ho a d d i t io n 0.41 -
+ 5 i  M ATP 0.41 -
+ 5 X M ATP + 10"^ M A-IP 0.41 -
+ 5 X 10“^ M ATP + 'I0“ 5 H M-IP
+ 10"^ M IlgClg 0 .5 9 -
+ 10“ ^ M ATP + 10“ ^ M MgClg
+ 10“ ^ H AHP 0 . 5 4 -
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CHAPTER SIX
D i f f i c u l t l y  sp re ad  enzymes
6 .1 .  RIBOmCIEASE -  A 
E.G. 2 . 7 . 7 .1 6 .
R ib o n u c le a te  p y r im id in e - n u c le o t id e - 2 - t r a n s f e r a s e  ( c y c l i z in g ) 
INTRODUQTIOH
R ib o n u c lease  from  bov ine  p a n c re a s  (m. w t. 15?700) 
s p l i t s  5 ' -  5* in te r n u c le o t id e  p b o sp h o d ie s te r  l in k a g e s  
i n  w hich th e  5 ' p o s i t io n  i s  p ro v id ed  by a p y rim id in e  
n u c le o t id e .  The p h o sp h a te  group rem ains a t ta c h e d  to  
t h i s  p o s i t io n .  A c y c l ic  2' -  5 ' pho sp h a te  i s  an 
in te r m e d ia te .  Heavy m e ta l io n s ,  copper and z in c  i n h i b i t  
th e  enzjmie. I t  i s  a p r o t e in  o f  th e  a lb im in  ty p e  and 
aqueous s o lu t io n s  a re  p o s s ib le  o v e r a wide range  o f  pH 
below 25^ C, w ith  maximum s t a b i l i t y  betw een pH 2 and 4 .5 -  
H eat s t a b le  i n  t h i s  l a t t e r  range  i t  can r e t a i n  80% 
a c t i v i t y  a f t e r  50 m in. a t  100° C. The enzyme p o s s e s s e s  
a s tro n g  a f f i n i t y  f o r  g la s s  s u r f a c e s .  The re c o rd e d  
f o r  th e  s u b s t r a t e  c y t id in e  2 ' -  5 ' -  cyclicm onophosphate  
i s  5 . 5  X 10”^  M (Barm an).
EXPERIMENTAL
There was d i f f i c u l t y  i n  a c h ie v in g  sp read  f i lm s  on a  
subphase o f  0 .0 5  M T ris -H C l, 0 .1  M KCl, pH 7-7  w ith  an 
aqueous s o lu t io n  (2  mg/ml) o f  th e  Sigma enzyme from  bov ine  
p a n c re a s . W ith th e  KCl r a i s e d  to  1 .0  M, n o n -g e lle d  f i lm s  
o f  sm a ll a re a  were o b ta in e d . A d d itio n s  o f  10” ^ M c y s te in e
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and 10 ^ M 2 -m erc ap to e th a n o l to  th e  snhphase produced
2l im i t i n g  a re a s  o f  th e  o rd e r  o f  0 .0 8  m /mg. Use o f  a
_ /  -,
50% is o - p ro p y l  a lc o h o l s o lu t io n  a t  room te m p e ra tu re
produced  no change u n t i l  sp read  on a  subphase a t  pH 2 .0 ,
2
when an a re a  o f  0 .5 8  m /mg was ach iev e d . S p read ing  th e
p r o t e in  on a  subphase c o n ta in in g  5-0  M u re a  a t  pH 8 .5
2
produced  an a re a  o f  0 .2  m /mg and a t  pH 7»0 and 5-0  
2
a re a s  o f  0 .2 4  m /mg. An a re a  c o rre sp o n d in g  to
2
e s s e n t i a l l y  u n fo ld ed  p r o t e in  (0 .7 5  idl /mg) was rec o rd e d  
a f t e r  in c u b a tin g  th e  enzyme a t  room te m p e ra tu re  o v e rn ig h t 
w ith  8 -0  li u re a  and 10~^ M 2 -m e rc a p to e th a n o l, pH 8 .6 .
No f i lm  i n t e r a c t i o n  was d e te c te d  i n  th e  p re se n c e  o f  th e  
s u b s t r a t e  c y t id in e  2 ’ -  5 ' -cyc licm onophosphate  (10~^ H ).
DISCUSSION
T his enzyme a p p a re n tly  p ro v id e s  an example o f  h ig h  
enzyme s u r fa c e  s t a b i l i t y ,  r e q u i r in g  d r a s t i c  m easures 
b e fo re  i t  w i l l  u n fo ld . The t e r t i a r y  s t r u c tu r e  i s  
e v id e n t ly  so s t a b le  t h a t  a f u r t h e r  s t a b i l i s i n g  e f f e c t  
due to  th e  s u b s t r a t e  canno t be d e te c te d .
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' 6 .2 .  CATALilSE
E.G. 1 .1 1 .1 .6 .
-  ' - /H ydrogen p e ro x id e : hydrogen p e ro x id e  o x id o re d u c ta se  
INTRODUCTION
B eef l i v e r  c a ta la s e  (m. w t. 244 ,000) c a ta ly s e s  th e  
r e a c t io n  H^Og + H^Og = 2H2 0 0^ w ith  an optimum pH
ran g e  o f  4 -  8 . 5 . The enzyme has fo u r  o r  maybe s ix  
p e p tid e  c h a in s  w ith  fo u r  a s s o c ia te d  haem in g roups 
c o n ta in in g  f e r r i c  i r o n .  Copper io n s  2 x  10“^ H a c t iv a t e  
th e  enzyme b u t a ls o  p o t e n t i a t e  th e  i h l i i b i t i n g  e f f e c t  o f  
a s c o rb a te .
EXPERIMENTAL
E xperim en ts were c a r r ie d  o u t d i lu t i n g  a  Sigma enzyme
su sp e n s io n  in  O-O5 H p h ospha te  b u f f e r ,  pH 7 -0 , w ith  s l i g h t
warming re q u ir e d  to  d is s o lv e  th e  . c r y s t a l s .  A subphase o f
0 .0 5  M p h o sp h a te  b u f f e r ,  0 .1  M KCl, pH 7-0  was used  w ith
A nalar 6% 20-volume hydrogen p e ro x id e  added as s u b s t r a t e .
L im itin g  a re a s  o f  0 .01  m^/mg were u n a ffe c te d  by 10~^ M
hydrogen p e ro x id e . 8 .0  li u re a  a t  pH 7-0  added to  th e
2
subphase produced  a  l im i t i n g  a re a  o f  0 .5 5  21 /mg, in c re a s e d  
by th e  a d d i t io n  o f  10~^ M 2 -m erc ap to e th a n o l to  0 .6 7  m^/mg.
V
Gas fo rm a tio n  was n o ted  on th e  tro u g h  bo ttom , p ro b a b ly  
an i n d ic a t io n  o f  i n te r f a c e  c a t a l y s i s ,  o r  lo s s  o f enzyme 
m a te r ia l  from  th e  s u r f a c e .  S a l t  c o n c e n tr a t io n  o f  th e  
subphase was r a i s e d ,  to  m in im ise  p r o t e i n  l o s s  from  th e  
s u r f a c e ,  w ith o u t change i n  sp read  a re a s .  2 x  10~^ M
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a s c o rb a te  w itli and w ith o u t 10*^ M c u p r ic  c h lo r id e  f a i l e d  
to  show any f i lm  e f f e c t s .
DISCUSSION
T his enzyme p ro d u ces f u r t h e r  ev idence  o f  th e  extrem e 
s t a b i l i t y  t h a t  i s  p o s s ib le  f o r  an enzyme to  e x h ib i t  a t  
an i n t e r f a c e .  The p r o t e in ,  cy to  chrom e-c (Sigm a) i s  
s im i la r  to  c a ta la s e  b e in g  a low m o le cu la r  w eigh t ( 1 5 , 0 0 0 ) 
p r o t e i n  w ith  a  s t a b le  t e r t i a r y  s t r u c tu r e  due to  th e  
'l o c k in g ' e f f e c t  o f  th e  haem group . T h is p r o t e in  a ls o  
showed a  h ig h  r e s i s t a n c e  to  s u r fa c e  d é n a tu ra t io n .
L ike r ib o n u c le a s e ,  w hich owes i t s  s t a b i l i t y  to  fo u r  
S-S l in k s  i n  a s in g le ,  low m o le c u la r  w eigh t p r o t e in  c h a in , 
c a t a l a s e  has been  th e  s u b je c t  o f  p re v io u s  s tu d y  a t  a i r -  
w a te r , w a te r - s o l id  and o i l - w a te r  i n t e r f a c e s ,  (Jam es and 
A u g en ste in  1966), and has f e a tu r e d  s t r o n g ly  i n  th e  
argum ents f o r  and a g a in s t  th e  r e t e n t i o n  o f  enzyme a c t i v i t y  
i n  th e  u n fo ld ed  s t a t e  a t  i n t e r f a c e s .  K aplan (1952) has 
been  p a r t i c u l a r l y  m is le a d in g  i n  s t a t i n g  on th e  one hand 
t h a t  he i s  in v e s t i g a t in g  r e t e n t i o n  o f  a c t i v i t y  by a  p r o t e i n  
t h a t  has been  s u b je c te d  to  s u r fa c e  c o n d it io n s  and goes on 
to  d e s c r ib e  t l i i s ,  w ith o u t ev id en ce  t h a t  th e  m o lecu le  i s  
f u l l y  u n fo ld e d . The p re l im in a ry  r e s u l t s  above le a d  to  th e  
b e l i e f  t h a t  c a ta la s e  i s  ex trem e ly  r e s i s t a n t  to  u n fo ld in g  
a t  an i n t e r f a c e  ; un d e r th e  c o n d it io n s  u sed  by K aplan th e  
p r o t e in  was a lm ost c e r t a i n l y  n o t  f u l l y  u n fo ld e d . H is 
d e te c t io n  o f  a c t i v i t y  a t t r i b u t a b l e  to  p r o t e in  rec o v e re d  
from  th e  su r fa c e  by f i b r e  fo rm a tio n  i s  th e r e f o r e  n o t 
s u r p r i s in g .  K aplan q u i te  rem ark ab ly  s t a t e s
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' t h e  ex p erim en ts  were n o t d e sig n ed  to  y ie ld  in fo rm a tio n  
a s  to  th e  e x te n t  o f  u n fo ld in g  o f  c a ta la s e  m o lecu le  s in c e  
t h i s  was n o t germane to  th e  p r e s e n t  s tu d y ' y e t  th e  t i t l e  
o f  h i s  p a p e r  and th e  n a tu re  o f  h i s  c o n c lu s io n s  presum e 
t h a t  he i s  d e a l in g  w ith  u n fo ld ed  m o le c u le s . I t  i s  
u n fo r tu n a te  t h a t  t h i s  p a p e r has o f te n  been  r e f e r r e d  to  
a s  good ev id en ce  o f  a c t i v i t y  r e t e n t i o n  by u n fo ld ed  
m o le c u le s . K aplan co n clu d es by sa y in g  t h a t  th e  r e t e n t i o n  
o f  a c t i v i t y  by  f u l l y  u n fo ld ed  p r o t e in  m o lecu les  su g g e s ts  
t h a t  th e  sequence o f  amino a c id s  w ith in  a  p o ly p e p tid e  
c h a in  and th e  p o s i t io n  o f  th e  amino a c id  s id e  c h a in s  
w ith in  t h a t  c h a in  a re  o f  eq u a l im portance  i n  d e te rm in in g  
th e  b io lo g ic a l  s p e c i f i c i t y  o f  th e  f i n a l  t e r t i a r y  con­
f i g u r a t i o n .  T h is s ta te m e n t appeans to  be u n re la te d  to  
h i s  r e s u l t s  and i s  i n  f a c t  m e a n in g le ss .
. A . - !
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DISCUSSION
The fo re g o in g  o b s e rv a t io n s  d em o n stra te  th e  
co m p lex ity  and v a r i a b i l i t y  o f  enzyme b e h av io u r a t  th e  
a i r - w a te r  i n t e r f a c e .  V a r ia t io n s  i n  th e  s t a b i l i t y  and 
n a tu re  o f  u n fo ld in g  w hich a re  a p p a re n t betw een one 
enzyme and a n o th e r  o r  betw een d i f f e r e n t  s t a t e s  o f  a 
s in g le  p r o t e in ,  a re  re c o rd ed  u nder d i f f e r i n g  c o n d it io n s .
The v e ry  h ig h  s t a b i l i t y  a g a in s t  su r fa c e  d é n a tu r a t io n  
o f  many enzymes a t  th e  a i r - w a te r  i n t e r f a c e  has been  
n o te -w o rth y . T h is s t a b i l i t y  has b een  e x h ib i te d  n o t o n ly  
by e x t r a c e l l u l a r  enzymes, e .g .  p a n c r e a t ic  r ib o n u c le a s e ,  
b u t  by i n t r a c e l l u l a r  enzymes such  as  y e a s t  hexok inase  
and g lu ta m ic  dehydrogenase . S c a rc e ly  any o f  th e  enzymes 
s tu d ie d  h e re  sp read  w ith  th e  ease  o f  such  non-enzym ic 
p r o te in s  a s  ovalbum in and g lo b in .
In  th o se  c a se s  where th e  enzyme does sp read  w ith  
r e l a t i v e  ease  a t  th e  a i r - w a te r  i n t e r f a c e ,  th e  p re se n c e  
i n  th e  subphase o f  c o - f a c to r s  n e c e s s a ry  f o r  th e  a c t iv e  
system , e .g .  co-enzyme o r  m e ta l a c t iv a to r s  o f te n  
s t a b i l i s e s  th e  t e r t i a r y  s t r u c tu r e  o f  th e  p r o te in .
T h is i s  shown by d e c re a se d  s p r e a d a b i l i ty .
Even though  i n t r a c e l l u l a r  enzymes may f r e q u e n t ly  
e n c o u n te r  l i p id - w a te r  i n t e r f a c e s ,  th e y  a re  o f te n  e i t h e r  
w ith  o r  w ith o u t c o - f a c to r s ,  much more s ta b le  th a n  th e  non- 
enzymic p r o te in s  such  as haem oglobin , g l i a d in  and bov ine  
serum album in , w hich have i n  th e  p a s t  been  th e  u s u a l  
m a te r ia l s  f o r  th e  s tu d y  o f  th e  s u r fa c e  b e h av io u r o f  p r o te in s
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I t  i s  i n t e r e s t i n g  t h a t  th e  in a c t iv e  p r e c u r s o r s  o f  
th e  e x t r a c e l l u l a r  p r o te in a s e s ,  p e p s in , t r y p s in  and 
ch ym otrypsin , sp re a a  more e a s i l y  th a n  th e  a c t iv e  enzymes 
so t h a t  a c t i v a t io n  i s  a s s o c ia te d  w ith  an in c re a s e d  
s t a b i l i t y  o f  th e  t e r t i a r y  s t r u c tu r e .  That m e ta l io n s  
m arked ly  s t a b i l i s e  p r o t e in  c o n f ig u ra t io n  i s  c l e a r l y  
shown by th e  f i lm  b e h a v io u r o f chym otrypsinogen and 
chymo t r y p s in  i n  th e  p re se n c e  o f  ca lc ium ; i t  i s  known 
t h a t  t h i s  m e ta l io n  p la y s  an im p o rta n t r o le  i n  th e  
t r a n s i t i o n  from  p re c u r s o r  to  a c t iv e  enzyme. A rem arkab le  
s t a b i l i s a t i o n  e f f e c t  by m ethanol on th e s e  p r o te in a s e s  
was o b se rv ed  near* th e  optimum pH f o r  a c t i v i t y -  On th e  
s t r e n g th  o f  t h i s  o b s e rv a t io n  l a t e r  work by I .  K night 
( p r iv a te  com m unication, to  be p u b lis h e d )  has shown a 
marked in c r e a s e  i n  enzyme a c t i v i t y  under th e s e  c o n d it io n s .
In  view  o f  th e  r e s u l t s  ach iev ed  by o th e r  a u th o rs  
(Gheesman e t  a l ,  L a j th a  and R id e a l ,  M unch-Petersen) w ith  
m yosin and ac tom yosin , where th e  s u b s t r a te  ATP showed an 
e f f e c t  .on th e  sp re a d in g  o f  th e  p r o t e in  o r  on th e  m echan ica l 
p r o p e r t i e s  o f  th e  r e s u l t i n g  f i lm ,  i t  was d is a p p o in t in g  
t h a t  s im i la r  e f f e c t s  were n o t g e n e r a l ly  o bserved  w ith  
o th e r  e n z y m e -su b s tra te  sy stem s. T h is may be th o u g h t 
s u r p r i s in g  i n  view o f  th e  common assum ption  t h a t  a t  th e  
moment o f  a p p l ic a t io n  o f  th e  enzyme to  th e  s u r fa c e  o f  a 
subphase c o n ta in in g  s u b s t r a t e ,  an e n z y m e -su b s tra te  complex 
i s  l i k e l y  to  be form ed. I t  may be concluded  t h a t  i n  many 
c a se s  e .g .  t r y p s in ,  chymo t r y p s in  and r ib o n u c le a s e  th e
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n a tu re  o f  th e  i n t e r a c t i o n  i s  such  t h a t  i t  w i l l  n o t  
s i g n i f i c a n t l y  e f f e c t  th e  s t a b i l i t y  o f  th e  p r o t e in  
s t r u c tu r e  under th e  c o n d it io n s  s tu d ie d .  I t  i s  n o te ­
w orthy  t h a t  when an e f f e c t  i s  d e te c te d ,  i t  may r e p r e s e n t  
e i t h e r ,  a s t a b i l i s i n g  in f lu e n c e  on th e  p r o t e i n  i n  c a se s  
such  as  m yok inase , h ex o k in a se , m yosin and a ld o la s e ,  o r  
a  d e s t a b i l i s i n g  in f lu e n c e ,  a s  w ith  g lu ta m ic  dehydrogenase 
o r  c h a r c o a l - t r e a te d  t r io s e p h o s p h a te  dehydrogenase.
There i s  no a p p a re n t j u s t i f i c a t i o n  f o r  assum ing t h a t  an 
e n z y m e -su b s tra te  com plex, o r  c o v a le n t in te rm e d ia te  o f  
enzyme a c t io n ,  shou ld  n e c e s s a r i ly  be more s ta b le  a g a in s t  
s u r fa c e  d é n a tu r a t io n  th a n  th e  enzyme i t s e l f .
In  th e  few c a se s  where enzyme f i lm s ,  sp read  i n  th e  
p re se n c e  o f  t h e i r  s u b s t r a t e ,  p rove  to  have m echan ica l 
p r o p e r t i e s  d i f f e r e n t  from  th o se  o f  th e  f i lm  sp read  i n  th e  
absence  o f  s u b s t r a t e ,  i t  i s  tem p tin g  to  conclude t h a t  an 
in te rm e d ia te  o f  th e  enzyme r e a c t io n  ( e i t h e r  an enzyme- 
s u b s t r a t e  complex o r  a  c o v a le n t in te rm e d ia te  o f  th e  enzyme) 
has been  s t a b i l i s e d  i n  th e  s u r f a c e .  T liis may happen, w ith  
m yosin , a ld o la s e  o r  p h o sp h o g ly c e ra te  k in a s e ,  f o r  exam ple.
Such an e f f e c t  may in v o lv e  o n ly  a  few amino a c id  r e s id u e s  i n  
th e  v i c i n i t y  o f  th e  a c t iv e  s i t e ,  b u t  may d i r e c t l y  o r  i n d i r e c t l y  
a f f e c t  s id e - c h a in s  c o n tr ib u t in g  to  th e  c ro s s - l in lc in g  betw een 
p r o t e in  m o lecu le s  i n  th e  f i lm . I t  i s  a ls o  p o s s ib le  t h a t  
i f  th e r e  a re  s tro n g  e l e c t r i c  ch a rg es  on th e  s u b s t r a te  
( e .g .  ATP) th e s e  may in f lu e n c e  th e  m ech an ica l p r o p e r t i e s  v . . . .  
o f  th e  f i lm . ' ‘ ■
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When th e  sp re a d in g  r a t e  o f  an enzyme o r  th e  v is c o -  
^ e l a s t i c  p r o p e r t i e s  o f  a  p r o t e in  f i lm  a re  a f f e c te d  by a 
l ig a n d , i t  i s  o f te n  p o s s ib le  to  d e te rm in e  v a lu e s  f o r  
th e  a p p ro p r ia te  d i s s o c i a t i o n  c o n s ta n ts  o f  th e  l ig a n d -  
p r o t e in  complex. L inew eaver-B urk  p l o t s ,  ana logous to  
th o se  a p p lie d  to  th e  d e te rm in a tio n  o f  th e  M c h a e l i s -  
M enten c o n s ta n ts  o f  enzyme a c t i v i t y ,  have been  used  f o r  
th e s e  d e te rm in a tio n s . R e s u lts  from  t h i s  form  o f  a n a ly s is  
co rre sp o n d  re a so n a b ly  w e ll w ith  th e  re p o r te d  v a lu e s  o f 
r e a c t io n s  i n  b u lk  s o lu t io n  e .g .  e n o la se , a ld o la s e .
T h is co rre sp o n d en ce  i s  f irm  ev idence  f o r  th e  r e a l i t y  
o f  th e  ob serv ed  e f f e c t s .
The ex p erim en ts  r e p o r te d  i n  t h i s  t h e s i s  have 
e s ta b l is h e d  u s e f u l  p ro c e d u re s  f o r  d e te rm in a tio n  o f  
s t a b i l i s i n g  and d e s t a b i l i s i n g  e f f e c t s  o f  s u b s t r a t e s  and 
o th e r  l ig a n d s  on th e  t e r t i a r y  s t r u c tu r e  o f  enzymes.
The e x p e rim e n ta l m ethods developed  can  be used  to  
in c r e a s e  u n d e rs ta n d in g  o f  th e  b e h av io u r o f  enzymes a t  
i n t e r f a c e s  and p e rh a p s  o f  t h e i r  c a t a l y t i c  a c t i v i t y .
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